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ABSTRACT 


A  Beattie  type  variable  volume  apparatus  was  con¬ 
structed  for  experimental  volumetric  studies.  The  equip¬ 
ment  was  designed  to  be  suitable  for  use  with  hydrogen 
sulfide  and  for  an  operating  range  of  temperatures  from 
-35°C  to  325°C  and  for  a  range  of  pressures  from  atmos¬ 
pheric  to  10,000  pounds  per  square  inch.  Temperatures 
were  measured  using  a  dead-weight  gauge  and  a  diaphragm 
type  differential  pressure  indicator.  Volumes  were  deter¬ 
mined  by  means  of  a  calibrated  mercury  displacement  pump. 

Volumetric  measurements  were  made  for  ethane  at 
50°C  and  at  pressures  from  about  200  to  5000  pounds  per 
square  inch.  The  volumetric  behavior  of  hydrogen  sulfide 
was  studied  for  six  isotherms  at  50°,  71.11°,  75°,  100°, 
104.44°,  and  125°C.  The  range  of  pressures  covered  was 
from  about  100  to  5000  pounds  per  square  inch.  Compressi¬ 
bility  data  were  also  obtained  for  four  mixtures  of  ethane 
and  hydrogen  sulfide  consisting  of  approximately  80,  60, 

40,  and  20  mole  percent  ethane.  Pressures  were  varied  from 
about  50  to  5000  pounds  per  square  inch  at  temperatures 
of  50°,  75°,  100°,  and  125°C. 

A  comparison  between  the  reported  literature  values 
for  the  pure  components  and  the  experimental  data  obtained 
in  this  work  was  made  at  the  same  conditions  of  temperature. 
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The  maximum  deviation  in  the  compressibility  factor 
occurred  near  the  two  phase  boundary  and  was  less  than 
0.005.  The  experimental  data  for  the  mixtures  were 
also  compared  with  the  values  predicted  by  Pitzer's 
correlation.  Agreement  was  reasonably  good  but  devia¬ 
tions  as  high  as  5  percent  were  encountered  at  higher 
pressures  for  mixtures  with  a  high  concentration  of 
hydrogen  sulfide. 

The  experimental  data  for  the  mixtures  were  used 
along  with  the  reported  literature  data  for  pure  com¬ 
ponents  to  obtain  the  constants  for  the  Benedict-Webb-Rubin 
equation,  the  Redlich-Kwong  ecauation,  and  the  virial 
equation  of  state.  The  rules  for  combining  constants  to 
predict  mixture  behavior  proposed  by  Benedict,  Webb,  and 
Rubin  were  inadequate  for  the  system.  A  23-constant  BWR 
equation  which  incorporates  the  generalized  mixing  rules 
was  found  to  give  results  with  an  average  deviation  of 
less  than  0.65  percent.  The  maximum  deviation  in  the 
compressibility  factor  observed  over  the  entire  range  of 
temperatures,  pressures  and  compositions  studied  was  5.61 
percent . 
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I .  INTRODUCTION 

A.  Scope  of  Experimental  Work 

In  the  design  and  operation  of  chemical  manufactur¬ 
ing  plants,  many  diverse  types  of  fluids  have  to  be  dealt 
with.  Reliable  and  sufficient  information  on  the  physical 
and  thermodynamic  properties  of  these  fluids  is  needed  to 
determine  the  equipment  sizes,  energy  requirements,  equili¬ 
brium  yields,  or  separation  ratios.  However,  due  to  the 
enormous  number  of  pure  compounds  and  possible  mixtures,  ex¬ 
perimental  property  data  are  sparse  or  nonexistent.  The  ap¬ 
plicability  of  existing  estimation  and  correlation  methods 
which  may  be  used  to  predict  fluid  properties  in  lieu  of 
experimental  data  is  subject  to  many  restrictions,  and  the 
reliability  of  these  methods  ranges  from  very  good  to  very 
poor.  Thus,  experimental  programs  are  necessary  to  provide 
data  for  systems  of  industrial  and  academic  interest,  and  to 
contribute  to  the  development  of  better  estimation  and  cor¬ 
relation  methods. 

Hydrogen  sulfide  occurs  frequently  in  natural  gas 
mixtures  from  petroleum  reservoirs,  particularly  some  of  the 
reservoirs  in  Western  Canada  which  may  contain  hydrogen  sul¬ 
fide  in  concentrations  of  75  percent  or  more.  In  the  pro¬ 
cessing  of  natural  gas  and  crude  oil  containing  hydrogen 
sulfide  by  distillation,  the  hydrogen  sulfide  collects 
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in  the  ethane  and  propane  fractions.  A  study  of  the  influence 
of  hydrogen  sulfide  on  the  behavior  of  hydrocarbon  systems  is, 
therefore,  of  considerable  interest. 

Several  extensive  investigations  of  the  methane- 

hydrogen  sulfide  system  have  been  made  by  Reamer,  Sage/  and 

( 77 )  ( 47 ) 

Lacey  and  by  Kohn  and  Kurata  .  Gilliland  and  Schee- 

(32)  (95)  (42) 

line  ,  Steckel  ,  Kay  and  Rambosek  ,  Brewer,  Rodewald, 

( 14 ) 

and  Kurata  have  made  measurements  on  the  propane-hydrogen 
sulfide  system.  The  phase  behavior  of  n-butane-hydrogen  sul¬ 
fide  system  has  been  studied  by  Robinson,  Hughes,  and  Sander- 
cock v  .  The  volumetric  and  phase  behavior  of  n-pentane- 

hydrogen  sulfide  and  n-decane-hydrogen  sulfide  has  been  in- 

(78  79) 

vestigated  by  Reamer  et  al  '  '  .  The  volumetric  data  re¬ 

ported  in  the  literature  on  the  system  ethane-hydrogen  sulfide 

are, however,  limited  to  values  along  the  liquid- vapor  bound- 
(41) 

aries  .  Therefore,  it  was  decided  to  investigate  experi¬ 
mentally  the  volumetric  behavior  of  this  system. 

B .  Pres sure- Volume-Temperature  Methods 

The  pressure-volume-temperature  behavior  of  gases 
has  been  the  object  of  extensive  experimental  and  theoretical 
studies  for  many  years.  The  literature  on  this  subject  in¬ 
cludes  descriptions  of  many  equipment  designs  and  experimental 
techniques.  The  main  aim  in  most  of  the  compressibility  in¬ 
vestigations  is  the  simultaneous  determination  of  the  pressure 
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volume,  and  temperature  of  a  given  mass  of  gas.  In  the  case 
of  a  gas  mixture,  the  composition  also  has  to  be  known. 

The  alternatives  to  pressure-volume-temperature 
measurements  for  gases  are  very  limited,  because  the  types  of 
experimental  measurement  which  provide  entry  into  the  network 
of  equations  relating  the  thermodynamic  properties  are  few  in 
number.  The  direct  measurement  of  Joule-Thomson  coefficients, 
heat-capacities,  and  other  thermal  quantities  is  a  possibility, 
however,  practical  difficulties  have  worked  against  the  use  of 
such  methods.  It  seems  safe  to  say  that  calculations  of  ther¬ 
modynamic  properties  of  gases  are  usually  based  on  experimental 
P-V-T  data,  although  other  measurements  are  sometimes  used  to 
test  the  accuracy  of  the  results. 

The  experimental  determination  of  pressure-volume- 

temperature  data  may  be  accomplished  by  various  means, the 

(85) 

most  common  of  which  have  been  reviewed  by  Rowlinson  v  .  The 

more  important  techniques  for  compressibility  studies  include 

(43) 

the  methods  and  equipment  developed  by  Keyes  and  by 

Beattie  ^  ,  those  used  by  Sage  and  Lacey  ^ 87  ^  in  their  exten¬ 
sive  work  on  hydrocarbons  and  mixtures,  and  the  methods 
employed  by  Burnett  Schneider ^  ^  . 

In  the  experimental  investigation  of  compressibility 
of  a  pure  fluid,  Beattie v  '  used  a  weighed  amount  of  gas  in  a 
sample  bomb  of  known  volume.  The  volume  of  gas  in  the  sample 
bomb  was  controlled  and  measured  by  the  introduction  or 
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removal  of  mercury  by  means  of  a  calibrated  mercury  displace¬ 
ment  pump  connected  to  the  bomb  by  steel  tubing.  The  tem¬ 
perature  was  measured  with  a  platinum  resistance  thermometer 
and  controlled  by  means  of  an  optical  galvanometer  used  in 
conjunction  with  a  photoelectric  relay.  In  the  measurement 
of  pressure,  an  Amagat-type  dead-weight  gauge,  calibrated 

against  the  vapor  pressure  of  carbon  dioxide  as  given  by 
( 15 ) 

Bridgeman  ,  was  used.  These  methods  gave  results  accurate 
to  0.03  percent  in  pressures  up  to  500  atmospheres,  to  0.02°C 
in  temperatures  up  to  32  5°C,  to  0.1  percent  in  determining  the 
volume,  and  to  0.2  milligrams  in  determining  the  mass  of  the 
gas  sample.  The  overall  estimated  error  for  the  compressi¬ 
bility  data  was  within  0o03  percent  at  the. lower  pressures 
and  temperatures  and  increased  to  0.1  to  0.2  percent  at  the 
higher  pressures  and  temperatures.  The  temperature  range 
(-35°  to  325°C)  that  could  be  covered  in  this  method  is 
limited  at  the  lower  end  by  the  freezing  point  of  mercury 
under  pressure  and  at  the  upper  end  by  the  uncertainties 
introduced  by  the  presence  of  appreciable  amounts  of  mercury 
vapor . 

The  methods  and  apparatus  developed  by  Sage  and 

Lacey for  determining  the  volumetric  behavior  of  hydro- 

(4  3)  .  ( 4 ) 

carbons  are  similar  to  those  of  Keyes  and  Beattie  .  The 

equipment  is  suitable  for  measuring  the  total  volume  of  the 
system  and  the  volume  of  liquid  phase  at  temperatures  between 
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0°  and  460°F  and  pressures  up  to  10,000  pounds  per  square  inch. 

(18) 

In  contrast  to  the  foregoing  methods,  the  Burnett v 
method  yields  compressibility  data  from  measurements  of  pres¬ 
sure  under  isothermal  conditions.  The  compressibility  factors 
are  calculated  from  the  pressure  ratios  of  successive  expan¬ 
sions  of  an  arbitrary  mass  of  gas  originally  occupying  an 
accurately  calibrated  volume.  One  distinct  advantage,  there¬ 
fore,  is  the  elimination  of  the  direct  measurements  of  volumes 
and  the  mass  of  gas.  Furthermore,  a  confining  fluid  is  not 
required,  making  measurements  possible  at  low  temperatures. 

The  main  disadvantage  of  this  method  is  that  only  a  single 
phase  gaseous  system  may  be  studied  in  the  equipment  and  for 
this  reason  systems  for  which  phase  equilibrium  information 
is  not  available  may  be  difficult  to  study  at  low  temperatures. 
Owing  to  the  wide  spacing  of  data  at  high  pressures  and  re¬ 
latively  close  spacing  at  low  pressures,  this  method  neces¬ 
sitates  several  runs  with  different  initial  pressures  for 
the  same  isotherm. 

It  was,  therefore,  decided  to  build  equipment,  util¬ 
izing  the  variable  volume  technique,  in  which  the  mass  of  the 
gas  under  study  remains  unchanged  while  the  volume  varies 
under  the  changing  conditions  of  temperature  and  pressure. 
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C .  Representation  of  Pressure-Volume-Temperature  Data 

Considering  only  a  single  component  system  or  a 
system  of  fixed  composition,  the  phase  rule  indicates  that 
when  only  one  phase  is  present  there  are  two  degrees  of 
freedom.  Any  one  of  the  three  variables,  pressure,  volume, 
or  temperature,  can  therefore  be  represented  in  terms  of  the 
reamining  two  variables.  A  relationship  of  this  nature  may 
be  represented  graphically,  tabulated,  or  given  by  an  equation. 
The  relationship  in  the  form  of  an  equation  is  called  the 
equation  of  state  of  the  gas  and  contains  a  number  of  para¬ 
meters  known  as  the  equation  of  state  constants  or  simply  the 
constants  of  the  gas. 

The  earliest  and  simplet  equation  of  state  resulted 
from  a  combination  of  Boyle's  and  Charles'  laws,  and  is  known 
as  the  ideal-gas  law.  This  law  is  strictly  valid  only  in  the 
limit  of  vanishing  density  and  must  be  amended  to  attain  high 
precision  in  the  description  of  gaseous  behavior  at  moderate 
and  high  pressures.  Many  attempts  to  find  a  more  realistic 
relationship  between  pressure,  volume, and  temperature  have 
been  made  since  the  pioneering  work  of  van  der  Waals  ^ '*'02 ^  . 

The  object  of  all  such  efforts  has  been  to  develop  an  equation 
of  state  which  is  suitable  in  form  for  all  materials  but  al¬ 
lows  for  the  differences  between  materials  in  the  assignment 
of  values  to  the  constants  appearing  in  the  equation.  Hundreds 
of  such  equations  have  been  proposed,  but  none  has  proved 
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j_  •  j_  (105) 
entirely  satisfactory 

In  order  to  correlate  the  experimental  volumetric 
data  for  the  ethane-hydrogen  sulfide  system,  it  was  decided 
to  use  some  equations  of  state  that  are  currently  receiving 
considerable  attention.  These  include  the  Benedict,  Webb, 
and  Rubin  equation,  the  Redlich  and  Kwong  equation,  and  the 
virial  form  of  equation.  The  theoretical  objective  of  this 
work  was  to  evaluate  the  constants  of  these  equations  for  the 
pure  gases  and  the  mixtures  and  to  check  the  applicability  of 
the  mixing  rules  which  are  now  available. 
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II 


THEORY 


A.  Correlation  of  Pressure-Volume-Temperature  Data 

1 .  Equations  of  State 

Since  the  classical  work  of  van  der  Waals^^)  j_n 
1873,  a  very  large  number  of  equations  of  state  of  varying 
degree  of  complexity  have  appeared  in  the  literature  and 
many  more  will  probably  be  introduced  in  the  future.  The 
history  of  the  empirical  development  of  equations  to  repre¬ 
sent  the  volumetric  behavior  of  gases  is  perhaps  the  most 
disappointing  part  of  this  subject.  Equation  after  equation 
has  been  proposed,  has  found  some  application  to  a  limited 
range  of  substances  or  conditions,  and  has  then  been  dis¬ 
carded  when  its  limitations  became  apparent.  Over  56  dif¬ 
ferent  equations  are  listed  in  "Handbuch  der  Experimental 
Physik,  Vol.  8,  p.  224"^100^.  A  recent  monograph  on  API 
Research  Project  37  gives  a  bibliography  on  equations  of 

state  for  hydrocarbons  having  102  references.  Several  text- 

(64  98) 

books  on  Physical  Chemistry  '  ,  and  Chemical  Engineering 

(27) 

Thermodynamics  also  give  brief  discussions  on  various 

equations  of  state.  It  is  the  purpose  of  this  section  to 
briefly  review  the  more  common  equations  of  state  and  then 
to  discuss  in  some  detail  three  equations,  namely  the 
Benedict-Webb-Rubin  equation,  the  Redlich-Kwong  equation 


and  the  virial  equation. 


. 

. 
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In  general,  an  equation  of  state  is  an  equation  of 

the  form 


f(P,V,T)  =  0  (II-l) 

where  P  is  the  pressure,  V  the  molar  volume,  and  T  the  abso¬ 
lute  temperature.  Since  pressure  and  temperature  are  the 
most  commonly  used  independent  variables,  the  most  useful 
equation  for  practical  purposes  is  the  one  that  gives  the 
volume  explicity,  as 

V  =  V (P , T)  (II-2 ) 

Most  equations,  however,  are  based  on  kinetic 
considerations  and  this  leads  to  an  equation  which  gives 
the  pressure  explicity,  viz. 


P  =  P  ( V, T) 


(II-3) 


When  the  PVT  behavior  is  described  in  the  form  given  by 
Equation  (II-3)  ,  the  number  of  terms  required  is  much  less 
as  compared  to  the  number  needed  for  similar  representation 
by  Equation  (II-2) . 

The  PVT  relationship  of  a  fluid  may  be  expressed 
in  the  form  of  a  series  of  the  following  type 

B (T)  C (T )  D (T) 

PV  =  RT  +  -  +  - +  - n-  +  •  •  •  ( II-4 ) 

V  V  V 

This  equation  is  called  the  virial  form  of  the  equation  of 
state  since  Clausius  first  derived  it  by  equating  the  total 
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kinetic  energy  of  the  system  to  the  total  virial  of  the  system. 
Equation  (II-4)  reduces  to  the  ideal-gas  law  in  the  case  of 
infinite  attenuation.  The  commonly  used  form  of  the  equation 

is  the  Leiden  expansion  and  was  originally  used  as  a  means 

.  .  ( 39 ) 

of  fitting  experimental  data  by  Kamerlingh  Onnes  .  It  is 

written  as 

PV  BCD 

Z  =  -  =  1  +  —  +  — +  —rr  +  ...  (II-5) 

RT  V  V  V 

The  coefficients  B,  C,  D,  ...  are  called  the  second,  third, 
fourth,  ...  virial  coefficients  respectively  and  are  depen¬ 
dent  only  on  temperature  for  a'  pure  gas. 

Some  workers  prefer  to  express  their  data  by  ex¬ 
panding  the  compressibility  factor,  Z,  in  a  power  series  in 
the  pressure: 

Z  =  1  +  B 1 P  +  C'P2  +  D ' P 3  +  ...  (II-6 ) 

The  coefficients  of  this  expansion  bear  simple  relation¬ 
al) 

ships v  with  the  coefficients  in  Equation  (II-5) . 
a.  Early  Semi-Empirical  Equations  of  State 

Amongst  the  early  semi-empirical  equations,  the 
two-constant  equations  that  have  received  considerable  at¬ 
tention  are: 

,  T7  ,  (103) 

van  der  Waals  , 

RT  a 
V-b  V2 


P 


(II-7) 
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.  .  (25) 

Dieterici v  ' 


RT  a 

P  =  -  exp  ( - )  (11-8) 

V-b  RTV 


(12 ) 

Berthelot' 


RT  a 

P  = -  (II-9) 

V-b  TV 


None  of  these  equations  gives  a  good  representation 
of  the  volumetric  behavior  of  gases  over  a  wide  range  of  pres¬ 
sures  and  temperatures.  These  equations,  however,  have  inspired 
much  theoretical  and  experimental  work,  especially  the  van 
der  Waals  equation.  Earlier  workers  evaluated  the  equation 
of  state  constants  from  critical  data  alone  and  not  from  the 
actual  compressibility  behavior  of  a  gas.  As  a  result  the 
compilation  of  constants  found  in  various  handbooks  may  have 
little  value  for  computing  the  volumetric  behavior  of  gases, 
b .  Later  Semi-Empirical  Equations  of  State 

The  following  equations  of  state  have  been  found  to 
be  more  successful  in  representing  the  compressibility  of 
gases : 

(5) 

Beattie-Bridgeman  , 


RT  c 

P  =  (i  — 

V  VT 


V  +  B  (1 - ) 

°  V 


O 


V 


(1  -  -)  (11-10) 
V 


•- 


■ 
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Benedict-Webb-Rubin ^ ^ , 


RT  B  RT  -  A 
P  =  -  +  _2 _ 2_ 


C 

o 


bRT  -  a 


V 


V 


V 


T 


*•  ca  *?’ 


(11-11) 


Redlich-Kwong , 


RT 


P  = 


V-b  T0,5  V (V+b) 


(II-12) 


Martin-Hou 


(56) 


-5  475T 

A  +  B  T  +  C9  exp (  -'D1) 

RT  z  ^  z  1  c 


P  = 


V-b 


(V  -  b) 


-5  475T 

A3  +  B3T  +  C3  exp  (• 
- ^ — *- 


B5T 


(V-b)4  (V-b)5 


(11-13) 


The  availability  of  electronic  computers  for  the 
calculation  of  equation  of  state  constants  has  permitted  an 
increase  in  the  number  of  terms  in  the  equation  of  state. 

The  criterion  of  selection  of  an  equation  of  state  has 
shifted  in  favor  of  better  representation  of  the  volumetric 
behavior  of  gases  over  a  wider  range  of  pressures  and  tempera- 
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tures  as  compared  to  the  simplicity  of  form  in  which  evaluation 
of  the  constants  from  experimental  data  can  be  readily  accom¬ 
plished  and  mathematical  manipulation  easily  executed. 

The  Benedict-Webb-Rubin  equation  of  state  has  been 

extensively  used  with  considerable  success  for  representing 

the  PVT  behavior  of  hydrocarbons,  although  its  use  has  been 

( 92 ) 

limited  to  a  very  few  non-hydrocarbons.  Shah  and  Thodos 
have  used  a  number  of  equations  of  state  for  the  prediction 
of  the  volumetric  behavior  of  argon  and  n-butane.  They  have 
reported  that  the  two-constant  Redlich-Kwong  equation  of 
state  produced  values  which  were  comparable  to  those  predicted 
by  the  eight-constant  Benedict-Webb-Rubin  equation.  It  is, 
therefore,  considered  desirable  to  analyze  these  two  semi- 
empirical  equations  in  some  detail. 

Benedict-Webb-Rubin  Equation  of  State: 

The  Benedict-Webb-Rubin  equation  of  state, here¬ 
after  referred  to  as  the  BWR  equation,  was  developed  in  1940 
primarily  to  permit  the  description  of  the  phase  behavior  of 
multicomponent  hydrocarbon  mixtures  of  relatively  low  mole¬ 
cular  weight.  To  establish  the  most  suitable  form  of  the 
equation,  the  work  of  Ursell(101)  and  Mayer (58)  was  utilized. 
The  resulting  equation  was  chosen  as  a  compromise  between  the 
ease  of  application  permitted  by  a  simple  equation  and  a 
reasonably  good  correspondence  with  the  observed  volumetric 
behavior.  The  eight  constants  of  the  BWR  equation,  Aq,  Bq, 


. 
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C  ,  a,  b,  c,  a,  and  y,  characteristic  of  a  given  substance, 

are  independent  of  temperature  or  of  density. 

(61) 

It  has  been  f ound v  that  a  relatively  large 

number  of  combinations  of  values  of  the  coefficients  may  be 
employed  to  yield  comparable  accuracy  in  describing  the  volu¬ 
metric  behavior  of  hydrocarbons.  The  coefficients  are  in¬ 
terrelated,  and  a  small  variation  in  one  without  appropriate 
changes  in  the  others  introduces  a  surprisingly  large  variation 
in  the  results.  Therefore,  it  is  necessary  to  carry  eight  or 
more  significant  figures  in  all  calculations  associated  with 
the  BWR  equation.  This  equation  is  fairly  satisfactory  to 
about  twice  the  critical  density  and  down  to  temperatures 
well  below  the  critical.  Application  of  the  BWR  equation  to 
hydrocarbons  has  been  extensively  discussed ^ in  the 
literature . 

Redlich-Kwong  Equation  of  State: 

The  two-constant  equation,  proposed  by  Redlich  and 
Kwong  in  1949,  has  found  considerable  use  because  of  its 
simplicity .  Written  in  implicit  form,  this  equation  becomes: 

1  A2  h 

- ( - )  (11-14) 

1  -  h  B  1  +  h 

a 

2"  2  5 

R  T 

b 

RT 


where 


B 


15 


and 


h 


b  BP 

V  Z 


From  the  critical  properties  of  a  pure  substance  the  constants 
of  the  equation  can  be  calculated  by  using  the  relationships 


a 


0  o  427 8 


2  2  5 

RZT  Z,D 
c 

P 

c 


(11-15) 


and 


RT 

b  =  0  o  0 86 7  — -  (11-16) 

P 

c 

The  constants  a  and  b,  used  in  the  original  Redlich- 

Kwong  equation,  have  been  found  to  be  dependent  on  tempera- 

(83) 

ture o  Robinson  and  Jacoby  found  that  the  temperature 

dependence  of  the  coefficients  could  be  represented  by  a 
linear  relationship  of  the  type 


a 

-y  =  a  +  6(T  -  311)  (H-17) 

R 

b 

—  =  y  +  6 (T  -  311)  (11-18) 

R 

where  T  is  the  temperature  in  degrees  Kelvinc 

Redlich  and  Kwong  claim  that  their  equation  gives 
satisfactory  results  above  the  critical  temperature  at  any 
pressure .  The  Redlich-Kwong  equation  has  been  used  recently 
in  many  studies ^ 19 ' 71 ' 83 ' 10 4 ' 107 *  for  calculating  thermodynamic 
properties  and  correlating  vapor-liquid  equilibrium  data. 
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Virial  Equation  of  State: 

The  virial  equation  has  attracted  interest  for  two 
important  reasons.  The  first  is  that  many  successful  equations 
of  state  have  had  the  form  of  the  partial  sums  of  a  power 
series.  The  second  is  that  statistical  mechanical  analysis 
of  molecular  models  has  resulted  in  prediction  of  second  and 
third  virial  coefficients  with  reasonable  accuracy.  When  the 
equation  of  state  is  expressed  in  the  form  of  Equation  (II-5)  , 
the  coefficients  B,  C,  D,  . 0.  indicate  the  deviation  of  a 
real  gas  from  that  of  an  ideal  gas.  It  is  possible  to  show 
that  the  successive  coefficients  B,  C,  D,  ...  represent  con¬ 
tributions  to  the  energy  of  interaction  as  the  molecules  are 
considered  two  at  a  time,  three  at  a  time,  four  at  a  time, 
and  so  forth. 

From  statistical  mechanics,  the  potential  energy, 

U,  between  two  spherically  symmetric  molecules  is  a  function 
only  of  the  distance  between  the  centers  of  molecules,  r.  In 
terms  of  r. the  distance  between  two  molecules  i  and  j,  and 
by  means  of  a  function 


U  (r) 

f(r)  =  exp  (-  - )  -  1 

kT 


(11-19) 


the  expressions  for  the  second  and  third  virial  coefficients 


are  given  as 


1 

B  =  -  —  /  f  (r, 9)dx, 

2 

00 

=  —  2 tt  /  f  (r )  dr 

o 


(11-20) 
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1 

C  =  "  -  //  f (r12) -f (r13) -f (r23)dx1dx2  (11-21) 


where 


dx.  dy .  dz. 

l  2 1  i 


( xi /  ,  z.)  being  the  position  of  the  molecule  i. 

(52 ) 

Lennard-Jones  evaluated  the  second  virial  co¬ 

efficient  given  by  Equation  (11-20)  in  the  form  of  a  power 

series.  The  series  expansion  technique  has  also  been  used 

(44) 

to  evaluate  the  third  virial  coefficient  .  A  highly  ac¬ 
curate  table  for  C,  in  the  case  of  Lennard-Jones  (6,  12) 

( 13 )  ( 45 ) 

potential,  is  given  by  Bird  and  coworkers  .  Kihara 
has  modified  the  Lennard-Jones  model  to  one  with  an  impene¬ 
trable  core  surrounded  by  a  penetrable  (soft) shell,  and  non- 
spherical  shape.  Relationships  have  been  developed  to  cal¬ 
culate  B  and  C  for  Kihara  model.  The  fourth,  fifth,  and 
higher  virial  coefficients  are  much  more  difficult  to 
evaluate^).  Fourth  and  fifth  virial  coefficients  have  been 
calculated  for  simple  angle-independent  potential  with  rigid 
sphere  molecular  models. 

It  would  appear  to  be  possible  to  predict  volumetric 
behavior  on  the  basis  of  statistical  mechanics.  There  is 
some  doubt ^ 86 \  however,  that  this  can  be  accomplished  in  the 
near  future  except  in  the  case  of  pure  substances  with  mole¬ 
cules  of  the  simplest  structure. 
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2 .  Graphical 


In  the  case  of  a  pure  fluid  for  which  there  are  at 
the  most  only  two  independent  variables,  it  is  a  simple 
matter  to  represent  the  third  variable  by  means  of  a  table 
or  a  graph  using  only  two  coordinates.  The  discovery  of  the 


critical  point  by  Andrews 


(2) 


and  the  work  of  van  der  Waals 


which  led  to  the  law  of  corresponding  states  facilitated  the 
representation  of  the  state  behavior  of  all  gases.  According 
to  the  law  of  corresponding  states,  all  gases  have  the  same 
value  of  the  reduced  pressure  for  the  same  reduced  volume 
and  reduced  temperature.  Thus,  a  single  surface  in  reduced 
pressure-reduced  volume-reduced  temperature  space  would  re¬ 
present  the  state  behavior  of  all  gases.  Cope,  Lewis,  and 
Weber  and  Brown,  Souders ,  and  Smith  first  developed 

generalized  compressibility  charts  for  hydrocarbons;  these 
charts  were  later  extended  by  Dodge  '  to  include  other  sub¬ 
stances.  The  compressibility  functions  given  by  such  charts 
give  good  results  when  used  to  predict  the  behavior  of  many 
common  gases.  In  some  cases,  however,  deviations  from  experi¬ 
mental  values  as  high  as  20  percent  may  be  encountered.  This 
gave  impetus  to  improve  upon  these  generalized  treatments. 

One  method  of  improvement  that  has  been  suggested 
is  to  introduce  another  variable.  Lydersen,  Greenkorn,  and 
Hougen^55^  systematically  analyzed  the  data  for  82  different 
compounds.  They  found  that  if  the  compounds  were  separated 


, 
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into  groups  having  the  same  value  of  the  critical  compressi¬ 
bility  factor,  Z  ,  the  gases  within  any  one  group  showed  much 

better  agreement  with  one  another. 

(22 ) 

Curl  and  Pitzer  reported  that  a  more  reliable 

correlation  could  be  obtained  by  the  use  of  the  to  parameter, 

(68) 

called  the  acentric  factor,  than  for  Z  .  Pitzer^  '  has  de- 

c 

fined  the  acentric  factor,  to,  in  terms  of  reduced  saturation 
pressure  at  a  reduced  temperature  of  0.7  by  the  relation 

to  =  -  log  Pr  -  1.0  (11-22) 

The  to  parameter  is  designated  as  acentric  factor  since  it 
measures  the  deviation  of  the  intermolecular  potential  func¬ 
tion  of  a  substance  from  that  of  simple  spherical  molecules. 

The  actual  compressibility  factor  Z  is  related  to 
the  apparent  compressibility  factor  Z  ^  in  the  following 
way 

Z  =  Z  (o)  +  toZ  (1)  (11-23) 

Values  of  Z  and  Z^  have  been  recorded  as  a  function 

of  reduced  pressure  and  temperature  and  values  of  to  for  a 
number  of  substances  have  also  been  tabulated.  Equation 
(11-23)  along  with  the  tabulated  values  of  to,  Z  ^  ,  and  Z^ 
affords  a  means  of  calculating  the  compressibility  factor 
with  an  accuracy  higher  than  that  obtained  from  the  applica¬ 
tion  of  a  seven  coefficient  equation  of  state  to  each  indivi- 

(62) 


dual  substance 


.  5  tic ^  ns:  i  xoo3qz>1  oii'JrtQOB 


■ 


n  r  -*  r  vo.  ? 


-_  •  r ...  •  '  f  >■  . .  .  •  i  \  -  i  .  -o.  *iw 

, 

■»  zJ  i  c  ti  t:l£-  ..*  oi'  .ti£0->  to- 


20 


( 37 ) 

Hougen,  Watson,  and  Ragatz v  have  given  a  com¬ 
prehensive  treatment  on  the  generalized  properties  of  fluids 
using  graphical  techniques. 

B.  Treatment  for  Gas  Mixtures 

When  the  composition  of  a  gas  mixture  is  known, 
the  ideal  way  to  express  its  volumetric  behavior  is  in 
terms  of  known  behavior  of  the  pure  components.  Thus,  if 
an  equation  of  state  can  be  used  to  represent  the  volumetric 
behavior  of  each  component  in  the  mixture,  the  simplest  way 
to  describe  the  behavior  of  the  mixture  would  be  by  means  of 
some  combination  of  constants  of  the  equation  for  the  com¬ 
ponents  . 

The  earliest  efforts  directed  towards  the  treatment 

(23)  (1) 

for  gas  mixtures  were  by  Dalton  and  Amagat  who  gave 

the  laws  of  additive  pressures  and  additive  volumes  respect¬ 
ively.  Later  Kay^^  proposed  the  concept  of  a  pseudocritical 
point  in  which  a  fictitious  value  of  the  critical  pressure 
and  temperature  is  chosen  so  that  the  compressibility  factor 
curves  for  the  mixture  in  terms  of  the  reduced  coordinates 
will  coincide  with  those  for  pure  components.  He  showed 
that  for  mixtures  of  the  lower  hydrocarbons,  the  pseudocriti¬ 
cal  pressure  and  temperature  could  be  calculated  with  fair 
accuracy  from  the  critical  pressures  and  temperatures  of  the 
pure  components  by  the  simple  or  linear  combination  rule 
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(38,51,97) 


using  mole  fractions.  Several  modified  relationships  to  cal¬ 
culate  the  pseudocri tical  pressures  and  temperatures  have 
been  proposed 

Pitzer  and  Hultgren v w ' '  have  extended  the  applica¬ 
tion  of  the  acentric  factor  approach  to  the  prediction  of  the 
compressibility  factor  for  binary  gas  mixtures.  They  found 
that  simple  quadratic  formulas  could  be  used  to  represent  the 


(67) 


composition  dependence  of 

the 

three 

pseudoproperties 

,  T  ,  P 
'  c 

and  oo ,  for  the  mixtures. 

The 

equations 

are : 

T  =  x, 2T 

c  1  c 

+ 

1 

2X1X2 

T 

C12 

+  x  2T 

2  c2 

(II- 

-24) 

2 

P  =  x ..  ZP 

+ 

2x,  x_ 

P 

+  x  2P 

(II- 

-25) 

c  1  c 

1 

1  2 

C12 

2  c2 

2 

00  =  X]_  °°]_ 

+  ; 

2x^2  oo 

12  + 

2 

X2  W2 

(II- 

-26) 

where  T  ,  P  ,  and  to  are  Respectively ,  the  pseudocritical 
o  c 

temperature,  pseudocritical  pressure,  and  acentric  factor  of 
the  mixture.  Subscripts  1  and  2  refer  to  the  properties  of 
the  pure  components,  and  subscript  12  denotes  an  interaction 
constant  found  from  experimental  data  on  the  mixture.  The 
mole  fractions  of  the  two  components  are  expressed  by  x^  and 
x2. 

Experimental  investigations  and  theoretical  con¬ 
siderations  indicate  that  the  equations  of  state  used  for 
pure  gases  can  also  be  applied  to  gas  mixtures.  When  the 


9li  *fl9aS«  m  o*  tew  9d  blBoo  solamoi  9itfe*b«/p  eiqraia  ierli 


rifi  %D 


■  U:l  gr,  1  •  :  -  '  ua 


22 


experimental  data  on  a  given  mixture  are  available,  the  con¬ 
stants  can  be  easily  determined  in  the  same  manner  as  for  a 


pure  gas.  In  the  case  of  a  binary  mixture  it  has  been  assumed 
on  the  basis  of  kinetic  theory  that  a  constant,  k  ,  is  re- 


m1 


lated  to  the  constants  for  the  pure  components,  k. .  and  k 


11 


D  3 


by  the  equation 


I  l 

i  j 


1 3 


x . 

l 


X  . 

3 


=  k  .  .  x .  2  +  2k . . x. x .  +  k  . x . 2  (11-27) 

n  l  l  j  l  j  jj  ] 

where  k. .  is  the  interaction  constant  and  x.  and  x.  the  mole 
±3  i  3 

fractions  for  components  i  and  j  respectively. 

Several  methods  have  been  proposed  for  calculating 
the  interaction  constant,  the  two  simplest  being 


k.  .  = 

ID 


k.  .  +  k .  . 
-11 _ 11 


(linear)  (11-28) 


and 


k  .  .  =  (k  .  .  k  .  . )  2 

ID  11  DD 


(square  root)  (11-29) 


One  other  method,  known  as  the  Lorentz  combination,  has  also 
been  used  to  a  considerable  extent.  According  to  this  method 


k.  .  =  -  (k1^3  +  k^3)3  (11-30) 

13  8  11  33 

( 7 )  . 

Beattie  and  Ikehara  have  proposed  that  a  combination  of 

the  type  given  by  Equation  (11-28)  be  used  for  all  constants 

having  the  dimension  of  volume  to  the  first  power  and  that  a 
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combination  of  the  type  given  by  Equation  (11-29)  be  used  for 
all  constants  having  the  dimension  of  volume  squared. 

For  the  BWR  equation,  Benedict  et  al^^  have  re¬ 
commended  the  following  combining  rules  to  calculate  the 
mixture  coefficients  for  a  mixture  of  N  components 


B 


o 


m 


N 

y  x. b 

l  o . 
1  =  1  l 


(linear)  (11-31) 


B 


1 


N  N 


=  —  l  l  x.  x . 

R  _■  -i  L  1  1 


°m  8i=l  j=l 


(B  )X/3  +  (B_  )1/3 


3 


o 

—  l 


o  . 
3 


(Lorentz)  (11-32) 


A 


o 


m 


r-  N 


l 


i=l 


x.  (A  ) 
i  o. 


(11-33) 


o 


m 


N 


-r  2 


.1  xi  (Co.> 
1  =  1  1 


h 


(11-34) 


m 


N 


.1  xi  (bi> 

i=l 


1/3 


(11-35) 


m 


N 


-i  3 


I  x.  (a.) 
1  =  1 


1/3 


(11-36) 


m 


N 


— r  3 


I  X.(c.) 
1=1 


1/3 


(11-37) 


Y 


m 


N 


-i  2 


l  xi  (Yi> 

1=1 


^2 


(11-38) 
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(11-39) 


For  the  Redlich-Kwong  equation,  the  mixture  coeffi¬ 
cients  may  be  calculated  by  using  the  following  relationships 


m 


N 


— i  2 


l  x. (a. )h 
i=l  1  1 


(11-40) 


m 


N 

I 

i=l 


x .  b . 
i  i 


(11-41) 


Wilson  d-^7)  has  moc}if ied  the  mixing  rule  for  the  coefficient 
a.  He  expressed  the  interaction  coefficient  for  binary  mix¬ 
tures  as 


2a12  k12all  +  (1  k12)a22 


(11-42) 


where  is  a  dimensionless  empirical  parameter  determined 

from  experimental  data  on  the  binary  mixtures  of  components 
1  and  2 

In  the  case  of  the  virial  equation  of  state,  the 
interaction  virial  coefficients  may  be  calculated  by  using 
the  semi-empirical  combining  rules  which  relate  the  molecular 
or  core  parameters  between  unlike  molecules  to  those  between 
like  molecules .  The  virial  coefficients  for  the  mixture  are 
given  by  equations  of  the  form 


B 


m 


N 

l 

i=l 


N 

l 

j  =  l 


x.  x . B .  . 
i  J  ID 


(80) 


(11-43) 
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N  N  N 


l  l  l 

i=l  j=l  k=l 


x .  x  .  x.  C 
i  j  k 


ijk 


(11-44) 


.  (70  12) 

Prausnitz  '  has  given  methods  for  determining 
the  second  virial  coefficient  for  mixtures  from  acentric 
factors  and  critical  constants. 


C .  Mathematical  Techniques 

In  the  preceding  discussion  various  equations  of 
state  have  been  used  as  approximating  functions  for  the 
actual  behavior  of  gases.  It  is  the  purpose  of  data  correla¬ 
tion  to  use  some  criterion  of  best  fit  for  the  evaluation  of 
the  coefficients  of  these  approximating  functions.  With  ex¬ 
perimental  data  having  errors  randomly  distributed,  the  cri¬ 
terion  normally  used  is  the  criterion  of  least  squares. 

For  data  representation,  the  data  points  are  assumed 
to  be  free  of  error  and  the  object  is  to  find  an  approximating 
function.  In  such  a  case  the  Chebyshev  criterion  of  minimiz- 
mg  the  maximum  error  may  be  used.  Leung  and  Clare 

have  utilized  this  criterion  in  linear  programming  procedures 
for  the  BWR  equation  and  the  Martin-Hou  equation  respectively. 
Hadley ^33^  has  described  the  simplex  method,  the  revised  simp¬ 
lex  method  and  the  duality  algorithm  used  in  such  linear  pro¬ 
gramming  problems. 
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The  problem  for  data  correlation  may  be  stated  mathe¬ 
matically  as  follows: 

It  is  desired  to  approximate  a  real-valued  function, 
Z^,  by  a  linear  combination  of  a  set  of  n+1  specified  func¬ 
tions  Gj(x^,y^,  o.,)  at  most  of  degree  j  for  0<.j<n,  at  a  set 

of  points  (x^,y^,  0,0)  for  i  =  1,  2,  . . . ,  m,  continuous  on  a 
closed  region  R„  If  the  deviation  at  each  point  is  defined 


as 


n 

e.  =  Z  -  £  A  G  (x. ,y  ,  . ..)  (11-45) 

j  =  0  3  3 


then  Aj  are  the  n+1  coefficients  to  be  evaluated  according 
to  the  criterion 


m 

l  e.' 

i=i  1 


=  a  minimum 


(11-46) 


Considering  first  a  simple  case  of  curve  fitting, 
the  function  G ^  becomes  a  function  of  only  one  independent 
variable,  x.  Equation  (11-46)  then  reduces  to 


m 

l  e.‘ 

i=i  1 


m  T- 


I 

i=l 


n 


2 


,  .  -  y  A  .G  .  (x.  ) 
1  j  =  0  3  3  1- 


(11-47) 


m 


2 

Since  the  expression  for  1  e .  is  a  quadratic  function  of  A., 

i=l  3 

its  minimum  exists  at 


3A  . 
J 


m 


n 


l  {Z  -  l  A  G  (X  )} 
i=l  1  j  =  0  J  J 


=  0 


(11-48) 
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After  expansion  and  differentiation  it  gives: 


n  m  m 

I  Ai  l  G. (X.)G  (x  )  =  l  Z.G  (x. )  (11-49) 

j=0  3  i=l  3  1  K  1  i=i  1  k  1 


k  =  0  ,  1 ,  2  ,  .  .  .  ,  n 


Equation  (11-49)  can  be  written  in  the  form 


B  A  =  C 


(11-50) 


where 


and 


m 

B  =  T  G  .  (x.  )G.  (x.  ) 
—  ."1  j  i  k  i 


n 


A  =  I  A. 

j  =  0  - 


m 

c  =  .1,  ziGk(xi> 

i=l 


Equation  (11-50)  can  be  easily  solved  for  A.  When  the  matrix 

B  is  non-singular,  the  coefficients  A^  are  unique. 

The  closeness  of  fit  may  be  expressed  in  terms  of 
2 

variance,  a  ,  which  is  defined  as 


e  . 
l 


m 

l 

i=l  (m  -  n) 


(11-51) 


In  the  case  of  a  closed-form  equation  this  shows  whether 
the  fit  is  good  or  poor,  while  in  the  case  of  open-ended 
equations  like  the  virial  equation  it  may  be  used  as  a  means 
of  choosing  the  degree  of  polynomial 0 


r. 
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There  are  two  main  disadvantages  of  the  above  pro¬ 
cedure  o  First,  and  perhaps  the  most  important,  is  that  the 
matrix  B  becomes  ill-conditioned  with  an  increase  in  the  degree 
of  polynomial  and  this  results  in  a  loss  of  precision.  The 
second  disadvantage  is  that  for  each  increase  in  the  degree 
of  polynomial  a  new  set  of  calculations  has  to  be  performed 
and  the  new  values  of  A  ^  bear  no  relationship  to  the  previous 
values.  These  difficulties  can  be  avoided  by  using  orthogonal 
polynomials , 

1 .  Orthogonal  Polynomials 


in  the  summation  sense  over  a  point  set,  it  satisfies  the 
following 


m 


l  G  (x.)Gk(x.) 
1  =  1  J 


o  j  7^  k 


m  9 

G.  (x. )  j  =  k  (11-52) 
i  =  l  D  1 


Use  of  Equation  (11-52)  with  Equation  (11-49)  simplifies  the 
calculation  of  coefficients  A^  0  They  are  given  as 


m 


(11-53) 


A  . 
3 


■ 
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Forsythe  has  constructed  a  set  of  orthogonal 

polynomials  which  do  not  require  specified  spacing  of  data 

(53) 

points  for  data  fitting.  This  method  has  been  extended 
to  surface  fitting  by  two  independent  variables.  The  pro¬ 
cedure  requires  the  tabulation  of  the  dependent  variable  as 
a  function  of  the  two  independent  variables  in  a  rectangular 

grid  of  points.  Interpolation  may  be  required  to  form  such  a 

(31) 

table.  Lagrangian  interpolation  can  be  employed  for  this 

purpose  o 

The  polynomials  can  be  converted  to  a  power  series 
form  and  thus  the  virial  form  of  equation  can  be  obtained 
after  fitting  the  data  in  terms  of  orthogonal  polynomials , 


2  .  The  Bened.ict-Webb-Rubin  Equation 

The  BWR  equation  may  be  written  in  the  form 


(Z  -  1) 


A  .  (-  — )  +  B  (d)  +  C  ( - T) 

°  RT  °  °  RT3 


+  b  (d  )  +  aa  ( — ) 

RT 


+  c 


rd2  (1+yd2) 


RT 


exp  (-yd  ) 


7 

J  k.G. 
L ii 


+ 


a  (- 


d 


2 


RT 


(11-63 

(11-64) 


where 


p  i  5 
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k,  =  b  ,  Gc  =  d‘ 


k^  =  aa 


RT 


k„  =  c 


d2  (1+yd2) 


RT 


exp  (-yd  ) 


For  a  given  value  of  y,  Equation  (11-64)  becomes  linear  in 
k^.  The  problem  then  can  be  easily  solved  as  the  set  of 
linear  equations  for  the  least  squares  criterion  reduces  to 
the  form  represented  by  Equation  (11-50) .  A  program  using 
the  L-U  matrix  inversion  method  can  be  utilized  and  for 

each  value  of  y  read  in  a  set  of  constants  can  be  calculated 
till  the  condition  given  by  Equation  (11-46)  is  satisfied. 
These  are  the  optimum  set  of  constants.  The  inversion  of 
the  matrix  can  be  improved  by  using  the  method  suggested  by 
Hotelling  ^ 26  ^  . 


' 
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Similar  methods  for  the  determination  of  constants 

of  the  BWR  equation  have  been  used  by  Selleck,  Opfell,  and 

Sage^^  for  propane,  by  Brough  for  methane  and  propane, 

(61) 

by  Opfell,  Pings  and  Sage v  for  hydrocarbons,  and  by  Eakin 

(28) 

and  Ellington v  for  hydrocarbon-carbon  dioxide  mixtures, 

(9  3) 

Simon  and  Briggs  have  used  the  technique  of  steepest 

descent  to  determine  the  constants  for  hydrogen  sulfide  from 
data  on  the  methane-hydrogen  sulfide  system. 


3 .  The  Redlich-Kwong  Equation 


The  Redlich-Kwong  equation  given  by  Equation  (11-12) 
may  be  written  in  the  form 


Z 


V  a 

V  -  b  RTla  5 (V  +  b) 


(11-65) 


If  V  and  T  are  considered  independent  variables,  the  least- 
squares  criterion  of  best  fit  shows  that 
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l 

k=l 


V 


l 

£=1 


ek,£ 
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l 

k=l 


v 


l 

1=1 


k 


-b 


+  — « — = - )  =  min,  (11-66) 

RV  <Vb) 

Utilizing  Equations  (11-15)  and  11-16)  a  first 
approximation  for  the  constants  a  and  b  can  be  obtained,  and 
then  a  procedure  can  be  developed  which  searches  for  a  minimum 


' 

. 

. 

■ 


32 


for  the  expression  in  Equation  (11-66) .  Two  methods  are  de¬ 
scribed  in  Appendix  A  to  get  the  best  fit  constants.  One 
method  uses  an  iterative  scheme  coupled  with  a  relationship 
between  the  constants  obtained,  for  least  squares  criterion, 
by  analytical  differentiation  for  a  minimum.  The  other  method 
utilizes  the  Rosenbrock  )  method  of  rotating  coordinates. 

It  optimizes  the  convergence  path  by  a  combined  rotation  of 
the  ridge  tracking  vector  and  the  step  size. 

Brief  descriptions  of  various  data  correlation 
methods  used,  sample  computer  programs  and  sample  outputs 
are  given  in  Appendix  A. 
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III.  LITERATURE  SURVEY 


A.  Ethane 


Few  investigations  of  the  volumetric  behavior  of 
ethane,  one  of  the  important  constituents  of  industrial 

hydrocarbon  gases,  have  been  made  at  pressures  and  tempera- 

.  .  ( 34 ) 

tures  above  the  critical  state  values.  Hainlen  and 

(48  49 ) 

Kuenen,  et  al  '  determined  the  vapor  pressure  of  ethane 
from  low  temperatures  through  the  critical  region.  Mass 

(57) 

and  McIntosh  measured  the  density  of  liquid  ethane  at  low 

(54) 

temperatures.  Loomis  and  Walters  determined  the  vapor 

pressure  of  ethane  in  the  vicinity  of  atmospheric  boiling 

point,  while  Porter  determined  the  vapor  pressure  and 

the  density  of  saturated  gas  from  -150  to  60°F.  Eucken  and 
(29) 

Parts  have  reported  the  specific  heat  at  atmospheric 

pressure  for  gaseous  ethane  in  the  temperature  range  70°F  to 
220°F . 

Beattie  and  coworkers  have  reported  two  separate 
studies  of  ethane In  the  first  study,  they  covered  a 
temperature  range  of  25°  to  250°C  and  a  molal  density  range 
of  0.5  to  5.0  moles  per  liter.  They  claimed  an  accuracy  of 
better  than  0.2  percent.  In  the  second  study  the  critical 
constants  of  ethane  and  the  compressibility  of  ethane  in  the 
high  density  region  of  5.0  to  10.0  moles  per  liter  and  tem¬ 
perature  range  of  50°  to  275°C  were  studied.  In  1937,  Sage, 
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(88) 

Webster,  and  Lacey v  reported  the  thermodynamic  properties 
and  volumetric  behavior  of  ethane  at  temperatures  from  70°  to 
250°F  and  at  pressures  up  to  3500  pounds  per  square  inch.  The 
accuracies  claimed  were  as  follows:  temperature,  0.0 3°F; 
pressure,  0.2  pounds  per  square  inch;  specific  volume,  0.1 
percent.  Though  the  accuracies  claimed  by  Beattie  and  co¬ 
workers  and  those  claimed  by  Sage  et  al  are  quite  high,  the 
discrepancies  between  the  results  by  these  two  groups  are  as 
high  as  2  percent.  The  latter  group,  therefore,  studied  the 
volumetric  behavior  of  ethane  again. 

( 75 ) 

In  1944,  Reamer, Sage  and  Lacey  extended  the 

range  of  volumetric  investigation  of  ethane.  The  temperature 
range  covered  was  from  100°  to  460°F  and  the  pressures  used 
were  up  to  10,000  pounds  per  square  inch.  Michels,  et  al^0^ 
have  reported  the  isotherms  and  thermodynamic  functions  of 
ethane  at  temperatures  between  0°  and  150°C  and  pressures  up 
to  200  atmospheres.  The  equation  fitted  was  of  the  form 

PV  =  A  +  Bd  +  Cd2  +  Zd3  +  Dd4  (III-l) 

Phillips  and  Thodos^66^  have  developed  a  reduced 
density  correlation  for  the  gaseous  and  liquid  regions  of 
ethane  from  all  the  available  experimental  data  on  the  volu¬ 
metric  and  phase  behavior  of  ethane.  The  correlation  covers 
the  regions  0.65<TR<6.0  and  0<PR<15.  It  used  the  data  of 
yee(109)  in  addition  to  the  data  mentioned  earlier  in  this 
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The  coefficients  of  the  BWR  equation  for  ethane 
were  first  given  by  Benedict,  Webb,  and  Rubin in  1942  and 
again  in  1951.  The  constants  have  also  been  calculated  by 

/  r  n  \ 

Opfell,  Schlinger,  and  Sage '  .  The  values  of  the  BWR 

equation  constants  for  ethane  from  these  two  sources  are 


given  below. 

Constants 

By  Benedict 

Webb  and  Rubin 

By  Opfell 

( 

Schlinger  and  Sage 

B 

1 o  00554 

0.237507 

o 

A 

o 

15,670.7 

7,001.40 

C  xlO"6 

2,194.27 

3,334.26 

o 

b 

2.85393 

3.43107 

a 

20,850.2 

26,547,9 

Cxl0“6 

6,413.14 

6,476.86 

a 

1.00044 

0.742830 

Y 

3.02790 

2.50000 

pressure  in  psi. 

temperature  in  °R,  and 

volume  in  cu.ft.  per 

lb  0 mole . 

It 

can  be  clearly  seen  from 

the  large  difference 

in  the  values 

of 

these  BWR  equation  constants  that  a  relatively 

large  number 

of 

combinations  of  values 

of  these  coefficients 

may  be  found  that  would  yield  comparable  accuracy  in  describ- 
the  volumetric  behavior  of  ethane. 
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The  value  of  the  acentric  factor,  u> ,  for  ethane  has 
been  given  by  Pitzer,  Lippmann,  Curl,  Huggins,  and  Petersen (6 8 ) 
as  0.105;  while  the  value  for  oj  obtained  by  Opfell,  Sage  and 
Pitzer^82)  is  0.099. 

The  constants  of  the  modified  Redlich-Kwong  equa¬ 
tion  for  ethane  have  been  reported  by  Robinson  and  Jacoby ^83^. 
The  values  given  are: 

a  =  13,870  °K2e5/atm0 

3  =  -3.11  °K1 * 5/atm0 

y  =  0.509  °K/atm. 

6  =  0 

(24) 

David  and  Hamman  have  determined  the  second 

and  third  virial  coefficients  for  ethane  by  fitting  a  series 
of  the  type 

B  C 

Z  =  l  +  _  +  _  (III-2 ) 

V  V 


The  values  of  B  and  C  in  terms  of  reduced  temperature,  T  , 
are  given  by 


and 


B 


V 

c 


1.612 


5.416  5.099  2.461 


(HI-3) 


C 


V 

c 


1.1249 


T 


R 


+ 


1.0973 


2 


0.5419 


2 


( III-4 ) 
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(73) 

Prausmtz  and  Myers  have  determined  the  para¬ 

meters  for  the  ethane  molecule  with  a  triangular  prism  as 
the  core  model ,  Tee,  Gotch,  and  Stewart (99)  have  also  deter¬ 
mined  the  force  constants  for  the  ethane  molecule  from  second 
virial  coefficient  data  and  viscosity  data  using  the  Lennard- 
Jones^6'12)  rigid  sphere  model  and  also  the  Kihara  model  with 
a  spherical  core. 

B .  Hydrogen  Sulfide 

Only  limited  pressure-volume-temperature  data  are 

available  for  hydrogen  sulf ide  '~^9  '  ® ;  .  The  specific 

volumes  of  the  saturated  liquid  were  measured  by  Baxter, 

( 3 ) 

Burrage ,  and  Tanner  and  also  by  Steele,  McIntosh,  and 

Archibald ^ 9^ .  In  1948,  West^9(^used  the  Beattie-Bridgeman 

equation  of  state  to  correlate  all  the  available  data  and 

calculated  the  thermodynamic  properties  of  hydrogen  sulfide 

using  the  constants  of  this  equationD  These  values  extend 

from  a  temperature  of  -76°  to  above  1300°F,  but  are  limited 

to  a  maximum  pressure  of  1,030  pounds  per  square  inch. 

(76) 

In  1950,  Reamer,  Sage,  and  Lacey  published  the 

volumetric  behavior  of  hydrogen  sulfide  at  temperatures  from 
40°  to  340°F  and  for  pressures  up  to  10,000  pounds  per  square 
inch.  Thermal  decomposition  was  encountered  at  temperatures 
above  340°F.  Even  at  340°F  there  was  some  indication  of  de¬ 
composition.  A  comparison  of  values  from  this  work  with  the 
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results  tabulated  by  West  shows  that  below  a  pressure  of  500 

pounds  per  square  inch,  the  average  deviation  between  the  two 

sets  of  data  is  0.7  percent,  whereas  at  higher  pressures  the 

deviation  is  as  high  as  10  percent. 

•  .  (93) 

Simon  and  Briggs  have  given  a  set  of  constants 

for  the  BWR  equation  to  be  used  for  hydrogen  sulfide  in  hydro¬ 
carbon  mixtures.  When  the  pressure  is  in  psia,  temperature 
in  R,  and  volume  in  cu.ft.  per  lb. mole,  the  values  are 


B 

o 

1.07286 

A 

o 

= 

10,498.9 

C 

o 

— 

2.70231  x 

io9 

b 

= 

1.76919 

a 

= 

46791.8 

c 

= 

6.07236  x 

h- 1 

O 

UD 

a 

= 

2.21446 

y 

“ 

4.89531 

It  is  claimed  that  these  constants  can  be  used 
with  the  BWR  equation  to  predict  the  behavior  of  gaseous 
hydrogen  sulfide-hydrocarbon  binary  mixtures  with  an  accuracy 
in  the  order  of  5  percent.  This  accuracy,  however,  is  pos¬ 
sible  only  in  the  case  of  mixtures  for  which  hydrogen  sul¬ 
fide  concentration  does  not  exceed  20  mole  percent.  For  the 
hydrogen  sulfide-propane  system,  deviations  near  the  critical 
point  were  found  to  be  in  the  order  of  40  percent. 
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The  constants  for  the  Redlich-Kwong  equation  to  be 

used  for  hydrogen  sulfide  have  been  given  by  Robinson  and 
(83) 

Jacoby v  .  These  values  are 


a  = 

13,803 

°t,2 . 5  , 

K  /atm. 

3  = 

-16.1 

o„l . 5  , 

K  /atm. 

Y  = 

0.382 

°K/atm. 

6  = 

-5.1  x 

10  ^  1/atm 

The  value  of  acentric  factor,  co ,  has  been  given  by 
Pitzer,  et  al^68^  as  0.100. 

C 0  Ethane-Hydrogen  Sulfide  System 

(41) 

Kay  and  Brice  have  reported  the  phase  behavior 

of  the  ethane-hydrogen  sulfide  system.  The  highest  pressure 
encountered  in  this  work  was  the  critical  pressure  of  hydro¬ 
gen  sulfide.  The  only  published  data  on  the  gas  phase  volu¬ 
metric  behavior  of  ethane-hydrogen  sulfide  system  is  that  of 

(83) 

Robinson  and  Jacoby  ,  who  studied  the  volumetric  behavior 
of  one  mixture  with  a  hydrogen  sulfide  content  of  46.89  per¬ 
cent  at  10 0°F  in  the  pressure  range  of  210.3  to  1987.8  pounds 
per  square  inch.  This  work  was  done  to  assess  the  applic¬ 
ability  of  the  Redlich-Kwong  equation  for  the  purpose  of  pre¬ 
dicting  compressibility  factors. 

(74) 

Raczuk  has  studied  the  volumetric  behavior  of 

six  mixtures  of  ethane  and  hydrogen  sulfide  at  three  tempera- 
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tures  of  40°,  100°,  and  160°F  at  pressures  up  to  5,000  pounds 
per  square  inch.  A  Ruska-PVT  cell  was  used  in  the  experi¬ 
mental  investigations,  with  Heise  bourdon  type  gauges  for 
pressure  measurements  and  standard  capillary  thermometer  for 
temperature  measurements.  The  maximum  error  in  the  compres¬ 
sibility  factor  was  estimated  to  be  2.5  percent. 

The  value  of  k a  dimensionless  parameter  sug¬ 
gested  by  Wilson  ^ )  and  defined  by  Equation  (11-42)  in 

(83) 

Chapter  II  has  been  given  by  Robinson  and  Jacoby  for 

ethane-hydrogen  sulfide  system.  The  value  is  21.2  when 
ethane  is  component  1  and  hydrogen  sulfide  component  2. 
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IV,  EXPERIMENTAL  WORK 

A.  Equipment 

1 .  General  Description 

The  apparatus  designed  and  used  for  the  compressibil¬ 
ity  measurements  was  essentially  that  developed  by  Beattie  (4) 

( 43 ) 

and  Keyes  .  A  schematic  diagram  of  the  apparatus  is  shown 
in  Figure  1.  In  general,  the  apparatus  consisted  of  four 
main  parts,  namely: 

1)  a  sample  bomb,  B,  placed  in  a  thermostated  oil  bath,  S, 
which  is  controlled  by  a  thermotrol  unit,  R; 

2)  a  pressure  measuring  device  which  consisted  of  a  Ruska 
dead-weight  gauge,  G,  a  diaphragm  differential-pressure 
indicator,  D,  containing  an  electrical  probe  for  the  de¬ 
tection  of  the  position  of  the  diaphragm; 

3)  a  volume  measuring  device  which  consisted  of  a  mercury 
displacement  pump,  L,  thermostated  in  a  bath,  N; 

4)  a  temperature  measuring  device  which  consisted  of  a 
platinum  resistance  thermometer,  T,  Mueller  bridge, 
galvanometer,  and  a  lamp  and  scale  arrangement. 

A  known  quantity  of  fluid  was  confined  by  mercury 
in  the  sample  bomb  and  the  temperature  controlled  by  a  Thermo¬ 
trol  unit  and  measured  by  means  of  a  platinum  resistance  ther¬ 
mometer,  The  pressure  the  fluid  exerts  was  transmitted 
through  mercury  filled  lines  to  the  diaphragm  of  the  diaphragm 
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Figure  1.  Schematic  Diagram  of  Apparatus 
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differential-pressure  indicator  and  balanced  by  the  applica¬ 
tion  of  an  equal  pressure  on  the  other  side  of  the  diaphragm 
by  means  of  an  oil  displacement  pump.  The  pressure  on  the 
oil  side  was  measured  with  the  help  of  a  dead-weight  gauge. 
The  volume  of  the  fluid  in  the  sample  bomb  was  the  difference 
between  the  original  bomb  volume  and  the  volume  of  mercury 
injected  into  the  bomb. 

2 .  Sample  Bomb  Design 

The  sample  bomb  assembly  is  shown  in  Figure  2,  and 
the  specifications  follow  in  Figures  3  and  4.  The  main  body, 

A,  of  the  bomb  was  fabricated  from  stainless  steel  type  316 . 
Closure  between  the  main  body  of  the  bomb  and  the  closure 
head,  E,  of  316  stainless  steel  was  made  on  a  teflon  gasket, 

B.  Pressure  was  exerted  on  this  gasket  by  six  3/8-inch 
Allen-head  cap  screws,  D,  of  high  tensile  steel,  threaded 
through  the  bomb  cap,  C,  of  stainless  steel  type  304  and 
sitting  on  the  pressure  bearing,  F.  A  torque  of  30  foot¬ 
pound  was  applied  to  each  of  the  Allen-head  screws. 

The  sample  bomb  was  designed  for  service  up  to  a 
pressure  of  10,000  pounds  per  square  inch.  It  was  pressure 
tested  at  successively  higher  pressures  up  to  10,000  pounds 
per  square  inch  in  the  temperature  range  of  25°  to  200°C. 

The  choice  of  a  working  volume  for  the  sample  bomb 
is  important.  A  greater  range  of  observations  can  be  accom- 
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Figure  2. 


Sample  Bomb  Assembly 
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Figure  3o 


Sample  Bomb  Details 
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plished  with  one  charge  if  a  large  sample  volume  is  available. 
In  this  way,  a  large  volume  will  reduce  the  number  of  charges 
needed.  This  in  turn  will  lead  to  a  reduction  in  the  time  re¬ 
quired  to  obtain  a  given  amount  of  data.  This  gain  in  time, 
however,  is  offset  by  the  longer  time  required  to  establish 
equilibrium  conditions  for  a  larger  sample.  An  important 
advantage  of  having  a  large  volume  for  the  sample  bomb  is 
that  errors  in  the  measurement  of  volumes  are  reduced,  es¬ 
pecially  at  higher  pressures,  when  the  initial  low-pressure 
charge  is  of  larger  volume. 

3 .  Charging  Union 

During  the  process  of  charging,  the  union  M,  shown 
in  Figure  5,  was  replaced  by  the  charging  valve,  Q,  shown  in 
Figure  6.  The  valve  consisted  of  a  stem,  T,  packed  with 
Chevron  type  rings  of  teflon  and  a  standard  1/8-inch  Auto¬ 
clave  female  fitting,  P,  for  vacuum  and  sample  lines.  The 
end  of  the  valve  stem,  T,  was  in  the  shape  of  a  screwdriver 
which  served  to  seat  the  center-bored  screw,  K,  against  the 
rupture  disc,  J,  to  confine  the  gas  sample  in  the  sample  bomb. 
The  closure  of  the  union  consisted  of  a  viton  0— ring  seal  be¬ 
tween  the  union  body,  H,  and  the  charging  union,  Y.  Once  the 
sample  was  charged,  the  charging  valve  was  replaced  by  the 
union  as  shown  in  Figure  5.  The  closure  of  this  union  also 
consisted  of  a  viton  0-ring  seal  between  the  union  body,  H 
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Figure  5. 


Union  Assembly 
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Charging  Union  Assembly 


Figure  6. 
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and  the  bonnet,  M.  Figures  7  through  10  show  all  parts  of 
the  charging  union.  The  parts  were  fabricated  from  304  stain¬ 
less  steel  stock  to  minimize  corrosion  during  the  study  of 
systems  containing  hydrogen  sulfide. 

The  rupture  discs  were  cut  from  sheets  of  silicon 
steel  shim  stock  of  0.001  inch  thickness.  In  making  the 
discs,  a  circle  just  under  5/16  inch  was  marked  on  the  steel 
sheet  and  the  disc  cut  with  a  pair  of  sharp  scissors.  The 
rupture  disc  was  bent  a  little  and  placed  between  the  screw, 

K,  and  the  union  body,  H,  so  that  it  could  be  seated  by  means 
of  the  screwdriver  tip  of  stem,  T.  In  this  way,  the  disc  was 
held  in  place  between  these  two  parts  after  the  sample  was 
charged . 

4 .  Sample  Bomb  Thermostat 

The  thermostat  was  made  quite  large  so  that  the 
bath  would  have  a  large  heat  capacity  whereby  the  tempera¬ 
ture  variations  during  the  heating  and  cooling  periods  pro¬ 
ceed  in  a  slow  and  regular  manner  and  are  not  appreciably 
affected  by  sudden  changes  in  the  surroundings.  Sketches  of 
the  thermostat  are  given  in  Figure  11. 

The  thermostat  consisted  of  a  galvanized  iron 
cylindrical  vessel,  about  14  gallons  in  capacity,  with  a 
dished  bottom.  Four  24-ohm  heaters  made  of  No.  18  michrome-V 
wire,  each  about  60  feet  long,  were  threaded  through  ceramic 
beads  and  wound  in  parallel  around  the  surface  of  the  vessel. 
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Figure  7.  Charging  Union  Details 
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Figure  8.  Charging  Union  Details 
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Figure  9 . 
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Figure  10.  Charging  Union  Details 
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Figure  11. 


Thermostat  Vessel 
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Through  lead  wires,  these  were  connected  to  a  powerstat 
variable  transformer  and  were  used  for  rapidly  raising  the 
temperature  of  the  bath  to  any  desired  value.  The  bath  vessel 
was  insulated  with  a  4-inch  layer  of  asbestos  and  covered  by 
a  corrugated  aluminum  sheet.  The  bath  fluid  was  stirred  by  a 
shaft  carrying  three  propeller  type  stirrers  and  driven  by  an 
electric  motor  at  about  1600  revolutions  per  minute. 

Cooling  for  the  thermostat  was  provided  by  an 
auxiliary  bath  which  was  connected  to  a  35  feet  long  5/8-inch 
copper  immersion  coil  in  the  main  bath.  The  temperature  of 
the  auxiliary  bath  fluid  was  controlled  by  a  bimetallic  strip 
controller  which,  through  a  mechanical  relay,  switched  on 
either  the  heaters  or  the  refrigeration  unit. 

A  valve  between  the  auxiliary  bath  and  the  immer¬ 
sion  coils  was  used  to  control  the  flow  rate  of  the  coolant. 
Control  at  any  given  temperature  was  attained  by  first  bring¬ 
ing  the  temperature  of  the  bath  near  the  desired  value  by 
means  of  the  outside  heaters.  Then  the  outside  heaters  were 
disconnected  and  a  balance  between  the  heat  input  from  a  pencil 
heater  immersed  in  the  bath  fluid  and  heat  output  through  the 
immersion  copper  coils  was  attained  by  adjusting  the  flow 
rate  of  the  coolant.  The  heater  was  connected  through  a 
Thermotrol  unit  and  was  controlled  by  it.  The  Thermotrol,  a 
Shell  Development  design,  is  a  general  purpose  laboratory 
temperature  controller  designed  to  control  by  any  one  of  the 
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three  following  methods:  On-Off,  Proportional,  or  Proportional 
with  Reset.  The  sensitivity  of  the  unit,  specified  in  terms 
of  dead  zone  or  the  temperature  difference  required  between 
"ON"  and  "OFF"  operation,  is  0.001°Co 

Mineralube  10W  oil  was  used  in  the  main  bath.  The 
auxiliary  bath  fluid  was  a  glycol  based  anti-freeze.  Viscosi¬ 
ties  of  these  fluids  were  found  to  be  sufficiently  low  at 
temperatures  under  study  so  that  a  thorough  agitation  of  the 
bath  fluids  could  be  maintained  without  excessive  expenditures 
of  energy. 

5 .  Pressure  Measuring  Apparatus 

All  pressures  were  measured  with  a  Ruska  Dead 
Weight  Gauge  (DWG) ,  Type  2400  HL  of  the  Ruska  Instrument 
Corporation.  Two  separate  piston-cylinder  assemblies  were 
used  in  the  experimental  work  as  the  pressure  range  was  too 
extensive  for  the  low  range  piston.  The  low  range  piston, 
with  a  diameter  of  0.40705  inch,  is  capable  of  measuring 
pressures  from  6  to  2,428  psig.  For  higher  pressures,  the 
high  range  piston  0.10200  inch  in  diameter  has  to  be  used. 

It  is  capable  of  measuring  pressures  from  30  to  12,140  psig. 
Since  the  piston-cylinder  assemblies  are  interchangeable,  this 
instrument  becomes  a  dual  range  gauge. 

The  Ruska  DWG  consists  of  two  separate  units,  the 
gauge  assembly  and  the  hand  pump  assembly,  both  of  which  were 
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mounted  on  two  separate  tables  and  interconnected  with  a 
flexible  high  pressure  line.  The  gauge  assembly  has  levelling 
screws  and  a  reference  level  vial  which  could  be  used  to  main¬ 
tain  the  gauging  piston  in  a  vertical  position.  A  derive 
sleeve  revolves  about  the  housing  of  the  piston  assembly. 

It  turns  the  weight  table  by  means  of  rollers  which  are 
attached  to  spring  fingers.  This  sleeve  is  belt  driven  by 
a  reversible  motor  drive.  By  making  pressure  measurements 
with  the  weights  rotating  both  clockwise  and  counterclock¬ 
wise  variations  in  the  measurements  which  were  caused  by  the 
so-called  corkscrew  effect  on  the  piston-cylinder  assembly, 
were  cancelled  out. 

To  balance  the  pressure  or  show  any  unbalance  be¬ 
tween  the  system  under  test  and  the  pressure  transmission 
fluid  in  the  Dead  Weight  Gauge  system,  a  Ruska  Diaphragm 
Differential  Pressure  Indicator  was  used.  It  also  sealed  the 
confining  fluid  mercury  on  the  test  side  and  oil  on  the  DWG 
side,  thus  preventing  the  contamination  of  either  fluid. 

A  zero-center  milliammeter  was  used  to  indicate 
whether  the  pressure  on  the  gauge  side  was  higher  or  lower, 
or  equal  to  the  pressure  on  the  test  side.  The  pump  assembly, 
consisting  of  a  hand  operated  plunger  displacement  pump  was 
used  to  build  up  oil  pressure  on  the  DWG  side.  A  reference 
manometer  was  installed  on  the  pressure  fluid  line  between 
the  DWG  assembly  and  the  differential  pressure  indicator. 

It  was  used  to  zero  adjust  the  fluid  level  to  the  reference 
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height  of  the  DWG  system  so  that  there  was  no  fluid  load  on 
the  diaphragm.  It  was  also  used  to  determine  the  sensitivity 
of  the  differential  pressure  indicator. 

The  resolution  of  the  diaphragm  differential  pres¬ 
sure  indicator  was  adjusted  to  within  1  inch  height  of  the 
oil  column  (<0.02  psi)  for  this  work.  The  barometric  pres¬ 
sures  were  read  on  a  Fortin  type  barometer. 

The  corrections  applied  and  the  equations  used  in 
evaluating  the  pressure  values  are  given  in  Appendix  B. 

6 .  Volume  Measuring  Apparatus 

The  volume  of  gas  in  the  sample  bomb  was  controlled 
and  measured  by  the  addition  or  removal  of  mercury  by  means 
of  a  calibrated  mercury  displacement  pump,  L,  shown  in  Figure 
1.  Figure  12  shows  the  mercury  displacement  pump  assembly 
with  details  following  in  Figures  13  through  17.  Briefly,  it 
consisted  of  a  stainless  steel  type  304  piston,  having  a  dia¬ 
meter  of  0.7375  inch  with  a  tolerance  limit  of  +0.0005  inch 
and  -0.0002  inch,  which  moves  inside  a  cylinder,  also  made  of 
304  stainless  steel,  filled  with  mercury.  A  smooth  linear 
movement  of  the  piston  was  accomplished  by  the  conversion  of 
the  rotary  motion  of  the  handle  by  means  of  ball  screws.  The 
use  of  ball  screws  permitted  accurate  positioning  of  the  piston 
and  a  small  torque  was  sufficient  for  the  linear  movement  of 
the  piston  even  at  high  loads.  The  problem  of  backlash. 
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Figure  12.  Mercury  Displacement  Pump 
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Figure  13.  Pump  Cvlinder  Details 
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Ficrure  14.  Mercury  Pump  Details 
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Figure  15.  Mercurv  Punro  Details 
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Fiaure  16.  Mercurv  Pump  Details 
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Figure  17.  Mercury  Pump  Details 
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commonly  associated  with  the  methods  using  the  angular  move¬ 
ment  of  the  handle  as  a  means  of  determining  the  displacement 
of  the  piston,  was  eliminated  by  reading  the  movement  of  the 
piston  directly  on  a  vernier  scale.  It  was  possible  to  read 
the  displacement  of  the  piston  to  0.001  inch.  The  total  dis¬ 
placement  volume  of  the  pump  was  about  100  ml.  A  mercury 
reservoir  with  a  cut-off  valve,  connected  to  the  cylinder, 
was  used  to  add  or  remove  mercury. 

An  oil  bath  was  used  to  keep  the  pump  at  30°C.  The 
temperature  of  this  bath  was  controlled  by  means  of  a  bimetal¬ 
lic  strip  controller  working  in  conjunction  with  an  electric 
relay  which  actuated  a  heater  when  the  temperature  fell  below 
the  set-point.  Continuous  cooling  was  provided  by  a  constant 
flow  of  coolant,  from  the  auxiliary  bath  described  earlier, 
through  one  quarter  inch  diameter  copper  coils  immersed  in 
the  bath  fluid.  A  shaft  carrying  three  propeller  type  stirrers 
and  driven  by  an  electric  motor  at  about  1600  revolutions  per 
minute  was  used  for  agitation  of  the  bath  fluid.  The  tem¬ 
perature  of  the  bath  was  controlled  to  within  ±0.02°C.  Tem¬ 
perature  in  the  bath  was  indicated  by  a  mercury  thermometer, 
calibrated  at  30°C  against  a  platinum  resistance  thermometer 
certified  by  NBS. 

Because  of  the  mechanical  inaccuracies  in  the  piston, 
the  volume  of  mercury  displaced  by  the  pump  per  unit  of  linear 
movement  of  the  piston  was  not  constant  throughout  the  entire 
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length  of  the  piston,  A  calibration  of  the  pump  was  therefore 
necessary.  For  this  purpose  a  very  fine  glass  capillary  was 
connected  to  the  outlet  of  the  pump  and  the  mercury  forced 
out  by  each  one-half  inch  of  the  movement  of  piston  was  col¬ 
lected  in  weighing  bottles.  The  position  of  the  mercury 
meniscus  in  the  glass  capillary  was  noted.  After  a  wait  of 
fifteen  minutes,  the  piston  was  moved  in  another  one-half  inch, 
the  merucy  which  was  displaced  was  collected,  and  the  position 
of  mercury  thread  in  the  capillary  was  noted.  Using  the 
density  of  mercury  at  30°C  and  the  amount  of  mercury  re¬ 

quired  to  fill  the  glass  capillary,  the  volume  of  mercury  dis¬ 
placed  for  each  one-half  inch  movement  of  the  piston  was  cal¬ 
culated  from  these  observations.  The  cumulative  volume,  V, 
of  mercury  forced  out  at  30°C  and  1  atmosphere  pressure  was 
fitted  to  a  residual  equation  of  the  form 


V  =  aN  +  6V 


(IV-1) 


where 

a  =  7,0139  mlo/in, 

N  =  pump  scale  reading,  inches 
6 V  =  accumulative  residual  displacement, 
ml,  Hg  at  30°C 

A  plot  of  residual  volume  V  and  the  pump  scale  reading  N 
was  used  along  with  Equation  (IV-1)  to  determine  the  volume 
of  mercury  displaced  at  30°C,  This  graph  is  shown  in 
Appendix  C. 
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7 .  Temperature  Measurement  and  Control 


Temperatures  were  measured  by  a  Leeds  and  Northrup 
four  lead  resistance  thermometer  (Serial  Number  1330889)  en¬ 
cased  in  a  glass  tube.  The  thermometer  was  calibrated  by 
the  National  Bureau  of  Standards  and  this  calibration  was 
checked  periodically  at  the  ice  point  and  the  triple  point  of 
water  during  the  course  of  this  work.  The  resistance  remained 
essentially  unchanged.  Resistances  were  measured  by  a  Leeds 
and  Northrup  Mueller  bridge.  The  Mueller  bridge  was  deter¬ 
mined  to  be  internally  consistent  by  a  method  outlined  in 
Leeds  and  Northrup  Directions  Manual  77-2-1-2. 

With  the  help  of  a  mercury  commutator,  a  galvan¬ 
ometer,  and  a  lamp  and  scale  reading  device,  temperatures 
to  0.001°C  could  be  measured.  Since  the  bath  temperature 
could  not  be  controlled  to  this  accuracy,  readings  were  made 
to  the  closest  0.005°C.  Temperatures  were  calculated  by  using 
the  Callender  equation 


R  -  R  t  t 

t  =  — - —  +  6  - ( - 1)  ( IV- 2  ) 

aR  100  100 

o 

where 

t  =  temperature  in  °C 

R^_  =  resistance  at  the  temperature  t,in  abs .  ohms 

R  =  resistance  at  0°C  in  abs.  ohms  =  25.498  abs. ohms 
o 

a  =  0.0039254 
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The  Thermotrol  unit  used  to  control  the  temperature 
of  the  bath  was  described  briefly  in  the  section  on  the  sample 
bomb  thermostat .  The  Thermotrol  proportioned  the  heat  output 
of  the  heater  connected  to  it  by  time  cycle  modulations.  Pro¬ 
per  operation  was  indicated  when  the  pilot  light  on  the  Thermo¬ 
trol  unit  panel  went  on  and  off  about  once  per  second  in  a 
steady  manner.  The  steps  followed  to  accomplish  proper  set¬ 
tings  on  the  unit  are  given  in  the  operating  instructions 
manual  for  Thermotrol,  supplied  with  the  unit.  An  experimental 
investigation  of  the  temperature  control  of  the  thermostat 
showed  that  the  temperature  control  at  higher  temperatures 
(above  75°C)  was  better  than  at  lower  temperatures.  This  was 
due  to  the  change  in  temperature  of  the  coolant,  used  for 
temperatures  of  the  thermostat  below  75°C,  which  resulted  in 
an  uneven  on-off  cycle  for  the  heater.  At  higher  temperatures, 
however,  the  heat  losses  to  the  room  were  sufficient  for  cool¬ 
ing  purposes  and  no  coolant  was  needed.  The  temperature  con¬ 
trol  over  the  entire  range  of  temperatures , 50°  to  125°C,  studied 
in  this  work  was  found  to  be  within  0,005°C  of  the  set  point. 

8 .  Auxiliary  Equipment 

The  auxiliary  equipment  used  in  this  work  was  prin¬ 
cipally  a  sample  charging  apparatus  with  a  high  vacuum  system. 
Apparatus  used  for  charging  a  known  mass  of  sample  to  the 
sample  bomb  is  shown  in  Figure  18.  Purified  gas  or  gas  mix- 
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Figure  18.  Schematic  Diagram  of  the  Charging  Apparatus 
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ture  was  stored  in  a  reservoir.  A,  which  was  connected 
through  valves  B,  C,  D,  E,  and  F  to  the  weighing  bomb,  M, 
and  through  valves  B,  C,  D,  G,  and  H  to  the  weighing  bomb,  N. 
The  charging  valve,  Q,  was  also  connected  to  these  bombs  as 
shown  in  Figure  18.  The  dimensions  of  the  aluminum  weighing 
bomb  are  presented  in  Figure  19.  The  body,  S,  of  the  bomb 
was  machined  in  one  piece  from  an  aluminum  rod  and  the  closure 
between  the  cap,  T,  also  of  aluminum,  was  provided  by  a  viton 
O-ring,  R.  Pressure  on  the  O-ring,  R,  was  exerted  by  tighten¬ 
ing  the  cap,  T,  in  the  body,  S.  The  outlet  was  provided 
through  a  needle  valve,  F,  of  316  stainless  steel  which  was 
threaded  through  the  cap,  T.  The  valve,  F,  was  rated  to  per¬ 
form  without  leakage  from  vacuum  to  3,000  pounds  per  square 
inch.  The  weighing  bombs  were  designed  for  service  up  to  a 
pressure  of  200  pounds  per  square  inch  and  were  pressure 
tested  at  successively  higher  pressures  up  to  400  pounds 
per  square  inch.  The  weight  of  the  aluminum  weighing  bomb 
along  with  the  valve  was  about  190  grams  and  the  capacity 
about  75  ml.  It  could,  therefore,  be  conveniently  weighed 
on  ordinary  laboratory  precision  balances.  Also,  the  material 
of  construction  of  these  weighing  bombs  permitted  their  use 
in  the  work  on  hydrogen  sulfide. 

The  vacuum  system  consisted  of  a  mechanical  pump 
capable  of  producing  a  vacuum  in  the  order  of  0.5  micron. 

This  vacuum  was  measured  by  a  McLeod  gauge.  The  tubing. 
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Figure  19.  Weighing  Bomb 
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valves,  and  fittings  were  made  of  type  316  stainless  steel 
and  were  rated  for  15,000  pounds  per  square  inch  at  100°Fe 
The  tubing  had  an  outside  diameter  of  one-eighth  inch  with 
a  bore  of  one-sixteenth  inch. 

Bo  Calibration  of  Equipment  for  the  Effect  of  Pressure 
and  Temperature 

For  an  accurate  determination  of  the  pressure-volume- 
temperature  data,  a  knowledge  of  the  effect  of  pressure  and 
temperature  on  the  apparent  volume  of  the  apparatus,  includ¬ 
ing  the  mercury,  is  necessary 0  The  dilation  of  equipment  and 
the  compression  of  mercury  with  an  increase  in  pressure  and 
the  expansion  of  both  equipment  and  mercury  with  an  increase 
in  temperature  can  best  be  determined  experimentally.  A  cali¬ 
bration  run  called  the  "blank  run"  was,  therefore,  made  for 
this  purpose. 

1 o  Procedure 

Before  starting  the  blank  run,  the  equipment  was 
cleaned  and  assembled  up  to  valve  Z  (excluding  the  sample 
bomb)  as  shown  in  Figure  1.  Keeping  valves  Y  and  Z  closed, 
the  apparatus  was  filled  with  mercury  on  the  test  side  of 
the  diaphragm  differential  pressure  indicator.  On  the  dead¬ 
weight  gauge  side,  oil  was  filled  much  earlier  and  the  sensi¬ 
tivity  adjusted.  The  apparatus  was  then  pressure  tested  at 
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10,000  pounds  per  square  inch  and  any  leaks  detected  were  re¬ 
moved,  The  sample  bomb  and  components  of  the  charging  union 
were  cleaned  and  washed  with  acetone  and  carbon  tetrachloride. 
These  were  baked  in  an  oven  at  200°C  under  a  vacuum  of  0.1  mm 
of  mercury  for  six  hours.  Upon  cooling,  the  charging  valve 
assembly  was  connected  to  the  sample  bomb;  with  valves  B,  D, 
and  K  closed  as  shown  in  Figure  18,  the  assembly  was  evacuated 
to  0.5  micron  for  24  hours.  The  rupture  disc  was  then  seated 
and  the  charging  valve  replaced  by  the  charging  union  bonnet. 
The  sample  bomb  and  assembly  were  now  connected  at  Z ,  as  shown 
in  Figure  1,  and  with  valve  X  closed  and  valves  Y  and  Z  open, 
evacuated  to  0.5  micron  for  12  hours. 

In  the  meantime,  the  temperature  of  the  mercury 
pump  bath  was  adjusted  to  30°C  and  that  of  the  sample  bomb 
thermostat  controlled  at  50°C.  After  evacuation  of  the  sample 
bomb  for  12  hours,  valve  Y  was  closed  and  valves  X  and  Z  were 
opened  to  a  fixed  setting.  Mercury  from  the  pump  was  intro¬ 
duced  to  fill  the  lines  up  to  the  rupture  disc.  A  series  of 
mercury  displacement  pump  readings  called  the  zero-set  read¬ 
ings  were  taken  for  gauge  pressures  from  30  to  2,000  pounds 
per  square  inch.  After  these  readings  were  completed  the 
pressure  was  reduced  and  the  valve  E  leading  to  the  diaphragm 
differential  pressure  indicator  was  closed  and  mercury  in¬ 
jected  until  the  rupture  disc  burst.  The  sample  bomb  was  then 
filled  with  mercury  from  the  displacement  pump.  After  allowing 
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about  three  hours  for  thermal  equilibrium,  blank  run  readings 
were  taken  for  various  gauge  pressures  from  30  to  5,000  pounds 
per  square  inch.  Mercury  displacement  pump  readings  for  each 
pressure  were  recorded  when  the  pressure  was  being  increased 
continuously  and  also  when  it  was  being  decreased  continuously. 
The  average  of  these  two  values  was  used  in  the  subsequent 
work.  At  each  pressure  one  hour  was  allowed  for  equilibrium, 
although,  in  general,  no  change  was  noted  after  fifteen  minutes. 

Similar  sets  of  readings  were  taken  at  sample  bath 
temperatures  of  75C,  100°,  and  125°C0 

2 o  AV  Values 

In  treating  the  blank  run  data,  AV  was  defined  as 
the  difference  between  the  mercury  pump  reading  at  50°C  and 
zero  gauge  pressure  and  the  reading  at  t°C  and  P  gauge  pres¬ 


sure 


AV 


N 


500,0 


N 


(IV- 3) 


where 


AV 


change  in  volume  of  equipment  due  to 
change  in  temperature  and  pressure  , 
pump  reading  in  inches 


N 


displacement  pump  reading  at  t°C  and 

p  psi  gauge  pressure,  pump  reading 
G 


in  inches 
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N50°  0  =  displacement  pump  reading  at  50°C  and 

zero  gauge  pressure,  pump  reading  in 
inches 

Theoretically  the  AV  values  based  on  absolute  zero 
pressure  would  have  been  more  desirable,  but  the  difference 
between  the  gauge  pressure  and  absolute  pressure  was  not  suf¬ 
ficient  to  produce  any  detectable  change  in  these  calculations. 
N50°  0  was  evaluated  by  extrapolating  the  50°C  isotherm  to 
zero  gauge  pressure.  AV  values  for  each  isotherm  are  pre¬ 
sented  in  Table  IV-1.  These  values  were  also  plotted  against 
pressure  for  each  isotherm  and  smooth  curves  drawn.  This 
graph  was  used  in  subsequent  calculations  and  is  given  in 
Figure  20 . 

During  the  course  of  this  work,  the  tubing  between 
the  sample  bomb  and  the  charging  union  bonnet  had  to  be  re¬ 
placed.  This  required  another  blank  run.  Appendix  C  includes 
these  AV  values  and  a  plot  of  these  values  against  pressure 
for  each  isotherm  studied.  The  values  given  in  Appendix  C 
were  used  for  the  calculations  of  volume  for  the  mixtures. 

3 .  Bomb  Volume 

The  volume  of  the  bomb  up  to  the  rupture  disc  was 
calculated  from  the  50°C  blank  run.  The  volume,  as  calcula¬ 
tions  in  Appendix  D  show,  was  153 . 9 8±0 . 01  ml . at  50°C  and  zero 
gauge  pressure  for  the  first  part  of  this  work  and  was 
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Table  IV- 1 

Calibration  of  Equipment  for  the  Effect  of 


Pressure  and  Temperature 


Pressure 

psig 

AVt  P 

G 

50°C 

(pump  scale 

7  5°C 

reading  in 

100°C 

inches ) 

125°C 

50 

-0.001 

0,070 

0.142 

0.219 

100 

-0  o  002 

0,069 

0.141 

0.2175 

150 

-0  o  00  3 

0.068 

0.140 

0.216 

200 

-0  0  00 4 

0.067 

0,139 

0.215 

250 

-0,005 

0,066 

0.1375 

0.214 

300 

-0,006 

0,065 

0.136 

0.213 

350 

-0,007 

0,064 

0.135 

0.212 

400 

-0,008 

0.063 

0.134 

0.211 

450 

-0,009 

0,062 

0.133 

0.210 

500 

-0,010 

0.061 

0.132 

0,209 

600 

-0,013 

0.059 

0.130 

0.207 

700 

-0,015 

0,057 

0.128 

0.205 

800 

-0,017 

0,055 

0.126 

0.203 

900 

-0,019 

0.053 

0.124 

0.201 

1000 

-0,021 

0,051 

0.122 

0.199 

1100 

-0,0235 

0.049 

0.120 

0.197 

1200 

-0,0255 

0,047 

0.1175 

0.1945 

1300 

-0,020 

0,045 

0.1155 

0.1925 

1400 

-0,030 

0,043 

0.1135 

0.190 

1500 

-0,032 

0,041 

0.111 

0.188 

1600 

-0,034 

0,039 

0.1085 

0.186 

1700 

-0,036 

0.037 

0.1065 

0.184 

1800 

-0,038 

0.035 

0.1045 

0.182 

1900 

-0,040 

0.033 

0.1025 

0.180 

2000 

-0,042 

0.031 

0.1005 

0.178 

3£0  ,0- 

• 

- 

essu 

psig 

2200 

2400 

2600 

2800 

3000 

3200 

3400 

3600 

3800 

4000 

4200 

4400 

4600 

2800 

5000 
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Table  IV-1  (continued) 


AV  (pump  scale  reading  in  inches) 


50°C 

7  5°C 

100°C 

125°C 

-0.046 

0.027 

0.0965 

0.174 

-0.0505 

0.023 

0.0925 

0.170 

-0.0545 

0.019 

0.088 

0.166 

-0.059 

0.015 

0.084 

0.162 

-0.063 

0.011 

0.080 

0.158 

-0.067 

0.007 

0.076 

0.154 

-0.071 

0.003 

0.072 

0.150 

-0.075 

-0.001 

0.068 

0.146 

-0.079 

-0.005 

0.064 

0.142 

-0.083 

-0.009 

0.060 

0.138 

-0.087 

-0.013 

0.056 

0.134 

-0.091 

-0.017 

0.052 

0.130 

-0.095 

-0.021 

0.048 

0.126 

-0.099 

-0.025 

0.044 

0.122 

-0.103 

-0.029 

0.040 

0.118 

+0 . 225 
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153.8410.01  ml.  for  work  on  the  mixtures  of  ethane  and  hydro¬ 
gen  sulfide. 

C .  Sample  Preparation 

1.  Source  of  Ethane  and  Hydrogen  Sulfide 

Research  grade  ethane  was  obtained  from  the  Phil¬ 
lips  Petroleum  Corporation.  Infrared  and  mass  spectrometer 
determinations  showed  the  purity  of  this  gas  to  be  99.96  mole 
percent.  This  purity  was  considered  to  be  sufficiently  high 
and  no  attempt  was  made  to  purify  the  gas  any  further. 

Hydrogen  sulfide  was  procured  from  Matheson 
of  Canada  Limited.  Purity  of  this  C.P.  grade  hydrogen  sul¬ 
fide  was  stated  to  be  99.5  mole  percent  minimum.  For  fur¬ 
ther  purification,  this  gas  was  passed  through  two  driers, 
consisting  of  Jerguson  liquid  level  gauges  made  from  316 
stainless  steel,  one  filled  with  anhydrous  calcium  chloride 
and  the  other  with  Drierite  (calcium  sulfate) .  The  gas  was 
then  collected  in  evacuated  aluminum  weighing  bombs.  These 
bombs  were  cooled  in  a  liquid  air  bath  and  then  evacuated 
to  less  than  0.5  micron  pressure  to  remove  the  non-condensibles. 
It  was  found  that  the  vapor  pressure  at  50°C  changed  less 
than  0.5  atmosphere  upon  a  change  in  the  fraction  vaporized 

from  0.05  to  0.85.  A  comparison  with  the  work  on  hydrogen 

(76) 

sulfide  by  Reamer,  Sage  and  Lacey v 


indicated  that  the 
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hydrogen  sulfide  content  of  the  sample  was  at  least  99.8  mole 
percent.  Withdrawal  of  the  sample  yielded  approximately 
99.9  mole  percent  hydrogen  sulfide  on  chromatographic 
analysis . 

2 .  Mixture  Preparation 

Mixtures  were  prepared  in  a  500  ml.  capacity 
stainless  steel  cylinder  rated  for  1800  psi  working  pressure. 
This  cylinder  was  connected  at  its  lower  opening  through  a 
valve  to  a  Heise  gauge  and  a  mercury  displacement  pump,  having 
a  volumetric  capacity  of  250  ml.  At  the  upper  opening  it  was 
connected  through  a  valve  and  a  cross  to  the  sources  of 
ethane  and  hydrogen  sulfide,  and  also  to  the  sample  charging 
apparatus  at  the  valve  B  as  shown  in  Figure  18.  A  check 
valve  of  monel  with  viton  O-ring  was  put  in  the  line  from 
the  ethane  cylinder  so  that  ethane  gas  could  not  be  contamin¬ 
ated  by  hydrogen  sulfide. 

To  prepare  the  mixture,  the  cylinder  was  cleaned 
and  evacuated  and  the  level  of  mercury  brought  up  to  the 
valve  on  top  of  the  cylinder  by  means  of  the  mercury  displace¬ 
ment  pump.  Hydrogen  sulfide,  being  the  least  volatile  of  the 
two  compounds,  was  introduced  first  and  at  the  same  time  mer¬ 
cury  withdrawn  from  the  cylinder.  Depending  on  the  composi¬ 
tion  of  the  mixture  required,  a  definite  amount  of  mercury 
was  withdrawn  and  after  the  valve  from  the  hydrogen  sulfide 
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source  was  closed,  the  reading  of  pressure  on  the  Heise  gauge 
for  the  amount  of  mercury  withdrawn  was  noted.  Now  the 
valve  leading  to  the  ethane  cylinder  was  opened  and  ethane 
introduced  into  the  cylinder  at  higher  pressure  than  the  pres¬ 
sure  in  the  cylinder  by  withdrawing  more  mercury.  After 
closing  the  valve  on  the  line  for  ethane  gas,  the  pressure 
in  the  cylinder  was  brought  to  the  original  valve  and  the 
total  volume  of  the  gas  determined.  Amagat's  law  of  additive 
volumes  was  then  used  to  estimate  approximately  the  composi¬ 
tion  of  the  mixture.  The  composition  of  the  mixture  could 
be  changed  by  introducing  more  ethane  gas  into  the  cylinder. 
After  the  desired  composition  of  the  mixture  was  achieved, 
mercury  from  the  displacement  pump  was  used  to  thoroughly 
mix  the  mixture.  The  analysis  of  the  mixture  was  done  on  a 
gas  chromatograph. 

3 .  Analysis  of  the  Mixture 

A  Burrell  K-2  Kromo-tog  was  used  for  analyzing 
the  composition  of  the  mixture.  A  two  meter  long  glass  co¬ 
lumn  of  the  hairpin  type  packed  with  30  percent  ansul  ether 
on  fire  brick  was  used.  A  thermal  conductivity  detector  was 
employed  and  helium  was  the  carrier  gas.  Other  variables 
were  maintained  at  the  following  conditions: 
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Carrier  gas  flow  rate  :  78.5  ml. /min. 


Column  temperature 


10  0°F 


Detector  current 


200  mA 


Sample  size 


1.12  ml. 


Excellent  separation  with  sharp,  well-defined  peaks  was  ob¬ 
tained.  Several  mixtures  containing  both  ethane  and  hydrogen 
sulfide  were  prepared  by  using  the  technique  described  in  the 
last  section.  Pressure  in  each  case  was  maintained  at  1 
pound  per  square  inch  gauge  and  the  composition  was  calcu¬ 
lated  by  using  the  law  of  additive  volumes.  Pure  samples  of 
ethane  and  hydrogen  sulfides,  and  samples  of  these  mixtures 
were  analyzed  on  the  chromatograph.  Peak  heights  for  ethane 
and  hydrogen  sulfide  fractions  were  plotted  against  the  mole 
percent  of  ethane  in  the  samples.  These  calibration  curves 
are  presented  in  Appendix  C. 

The  gas  mixtures  studied  for  the  volumetric  be¬ 
havior  were  also  analyzed  on  a  Beckman  GC2  chromatograph. 

The  following  conditions  were  maintained: 

Columns  :  8'  x  V'  S.S.  -  20%  di-2- 

(in  series) 


ethyl  hexy lsebacate  and 


10'  x  h"  S.S.  -  32.2% 


dimethylsulf olane  on  acid 


washed  chromosorb  P 


Column  Temperature 


Detector 


Thermal  conductivity  cell 


JB1 
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Filament  current  : 

Carrier  gas  : 

Flow  rate  : 

Sample  size  : 

Agreement  between  the  two  analyses 


250  mA 
Helium 
70  ml/min. 
1.0  ml . 
was  within 


0.3  percent. 


D „  Sample  Charging  Procedure 
1 e  Weighings 

The  mass  of  the  sample  was  determined  by  the  dif¬ 
ference  in  weights  of  the  aluminum  weighing  bombs  before  and 
after  the  sample  was  charged  to  the  sample  bomb.  All  the 
weighings  were  made  on  a  sensitive  Fisher  Gram-atic  balance. 
All  necessary  precautions  were  taken  in  handling  the  weigh¬ 
ing  bombs.  Before  each  weighing  the  bombs  were  cleaned 
thoroughly  with  ether  and  dried  in  a  desicator  for  two  hours. 
Each  bomb  was  transferred  to  the  weighing  pan  by  using  a 
pair  of  tongs  and  one-half  hour  was  allowed  for  it  to  attain 
ambient  temperature.  The  mass  of  the  sample  thus  determined 
was  within  0.2  milligram  of  the  actual  mass. 

2  *  Filling  the  Weighing  Bombs 

The  weighing  bombs  were  connected  to  the  vacuum 
system  as  shown  in  Figure  18c  Valves  C,  D,  E,  F,  G,  and  H 
were  opened  keeping  B  and  J  closed  and  system  evacuated  to 
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0.5  micron  for  6  hours.  Valve  L  was  then  closed  and  valve  B 
from  the  reservoir  A  containing  either  the  pure  gas  or  mixture, 
was  opened  to  transfer  the  sample  into  the  weighing  bombs. 

After  the  transfer  of  gas  sample,  the  valves  B,  C,  E,  F,  G, 
and  H  were  closed,  the  weighing  bombs  were  disconnected, 
cleaned  and  put  into  a  desiccator.  Two  hours  later,  the  weigh¬ 
ing  bombs  were  weighed  and  sample  size  adjusted  either  by 
purging  excess  gas  out  or  by  introducing  more  gas.  The  weigh¬ 
ing  bombs  were  again  connected  to  the  charging  system  and  keep¬ 
ing  valves  F  and  H  closed,  and  opening  valves  C,  D,  E,  G,  and 
L,  evacuation  was  continued  for  one  hour.  After  closing  E 
and  G,  the  weighing  bombs  were  desiccated  and  weighed  again. 
Constancy  of  weight  indicated  absence  of  any  leaks. 

3 .  Charging  the  Sample  Bomb 

The  charging  union  and  sample  bomb  were  cleaned, 
baked  at  200°C  under  vacuum  for  six  hours,  assembled  and 
connected  to  the  charging  system  as  described  in  Section  B-l 
of  this  chapter.  Keeping  valves  B,  F,  H,  K  closed  and 
valves  L,  C,  D,  E,  and  G  open,  the  system  was  evacuated  for 
24  hours  under  a  vacuum  of  0.5  micron.  The  sample  bomb  was 
cooled  with  liquid  air  for  one  hour  and  the  vacuum  system 
was  shut  off  by  closing  valve  F  and  then  the  weighing  bomb 
valves  F  and  H  were  opened.  After  15  minutes  the  weighing 
bomb  valves  were  closed  and  another  15  minutes  were  allowed 
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for  the  sample  in  the  lines  to  transfer  into  the  sample 
bomb.  The  rupture  disc  was  then  seated  and  the  liquid  air 
bath  removed.  If  the  rupture  disc  was  not  seated  properly, 
the  sample  leaked  out  of  the  sample  bomb  and  the  run  was 
discarded . 

4 .  Mercury  Introduction  and  Zero-Set  Readings 

After  the  sample  was  confined  into  the  sample 
bomb,  the  charging  union  was  replaced  by  the  union  nut.  The 
bomb  was  then  mounted  on  its  carriage  and  placed  in  the  sample 
bomb  thermostat.  It  was  connected  to  the  valve  Z  as  shown  in 
Figure  1  and  lines  up  to  the  rupture  disc  and  valve  X  were 
evacuated  to  0.5  micron  for  12  hours.  With  valve  Y  closed 
and  valves  X  and  Z  opened  to  a  fixed  setting,  fixed  during 
calibration  run,  mercury  was  introduced  from  the  displacement 
pump  to  fill  the  lines  up  to  the  rupture  disc.  The  tempera¬ 
ture  of  the  sample  bomb  thermostat  was  adjusted  at  50°C  and 
that  of  the  mercury  pump  thermostat  at  30°C.  The  position 
of  the  piston  of  the  mercury  displacement  pump  was  brought  to 
the  reading  during  the  calibration  run.  After  allowing  two 
hours  for  thermal  equilibrium,  zero-set  readings  were  taken 
and  the  disc  ruptured  as  described  previously. 
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E .  Pres sure- Volume-Temperature  Measurements 

1 .  Procedure 

After  rupturing  the  disc,  another  2  ml,  of  mercury 
was  injected  to  confine  all  the  sample  into  the  bomb.  The 
reading  of  the  mercury  pump  was  never  brought  below  this 
value  in  any  run  to  avoid  having  the  gas  in  the  mercury  lines. 
About  one  hour  was  allowed  before  any  data  points  were  taken. 
Weights  were  placed  on  the  dead-weight  gauge  pan  to  balance 
the  pressure  of  the  gas  in  the  sample  bomb.  The  data  for 
the  point  was  recorded  if  the  reading  did  not  change  for  10 
minutes.  The  mercury  pump  reading  was  then  increased  for  the 
next  point  and  the  pressure  increase  balanced  by  adding  more 
weights  on  the  pan.  When  the  pressure  increased  to  more  than 
2400  pounds  per  square  inch,  the  low  pressure  range  piston 
was  changed  to  the  high  pressure  range  piston. 

On  the  completion  of  readings  for  increasing 
pressure,  the  readings  for  decreasing  pressure  were  taken; 
mean  values  for  these  observations  were  calculated  and  used 
in  the  calculations  for  compressibility  factors.  Similar 
procedure  was  followed  for  other  isotherms. 

2 .  Data  Recorded 

For  each  isotherm,  Mueller  bridge  setting  and  the 
Thermotrol  unit  setting  were  noted.  For  individual  P-V-T 
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measurements  the  following  data  were  recorded: 

1)  date 

2)  time 

3)  room  temperature 

4)  barometric  pressure 

5)  barometric  temperature 

6)  mercury  displacement  pump  reading 

7)  load  on  dead-weight  gauge 

3  .  Range  of  Temperature,  Pressure  and  Volume 

Measurements  were  made  between  50°  and  125°C 
while  the  pressure  range  covered  was  from  50  to  5000  pounds 
per  square  inche  At  much  lower  pressures  the  change  in 
volume  with  pressure  was  too  high  to  permit  coverage  of  a 
large  pressure  range  with  one  sample  charge.  At  higher 
pressures  this  change  in  volume  was  very  small  and  also  a 
very  large  mass  of  sample  charge  was  needed.  The  volume 
a  gas  sample  could  occupy  was  limited  to  150  ml  because  of 
the  size  of  the  sample  bombe  The  lower  limit  was  determined 
by  the  uncertainties  introduced  in  the  measurement  of  volume 
of  the  gas  sample  in  the  bomb.  The  minimum  total  volume 
that  could  be  measured  without  too  large  an  uncertainty 


was  7  ml . 
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F.  Volume  Calculations 


1 .  Approximate  Volume  Calculations 


The  only  difference  between  the  P-V-T  measurements 
run  and  the  blank  run  is  that  a  certain  quantity  of  mercury 
has  been  removed  from  the  sample  bomb  at  t°C  and  introduced 
into  the  mercury  displacement  pump  at  30°C.  The  calculations, 
therefore,  require  a  knowledge  of  the  thermal  expansion  of 
mercury.  Gas  volumes  are  expressed  in  terms  of  the  volume 
of  mercury  at  1  atmosphere  pressure  and  the  temperature  under 
consideration . 

The  zero-set  volume,  V  ,  is  calculated  from  the 

z 

zero-set  readings  and  is  given  by  the  equation 


V  =  aN  +  6V 
z  z  z 


(IV-4 ) 


where 


N  =  pump  reading  at  30  C  and  zero  gauge  pressure, 
z 

inches 


a  =  average  volume  displacement  per  inch  of 


o. 


piston  displacement,  7.0139  ml.  Hg  at  30  C 


6V  =  pump  calibration,  ml.  Hg  at  30  C 
z 

The  zero-set  volume  plus  the  volume  of  the  sample 
bomb  gives  the  bench  volume  vjDencj1* 


V,  ,  =  V  +  V,  , 

bench  z  bomb 


(IV-5 ) 
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where 

Vbench  =  v°lume  of  mercury  at  30°C,  injected 
to  fill  the  system  at  50°C  and  zero 
gauge  pressure,  ml. 

Vz  =  zero-set  volume,  ml.  of  mercury  at  30°C 
Vbomb  =  vol^o  of  mercury  at  30°C  required 
to  fill  the  sample  bomb  at  50°C  and 
zero  gauge  pressure,  ml. 

V'  p,  the  volume  of  mercury  at  30°C  required  to 
fill  the  equipment  at  any  given  temperature,  t,  and  pressure, 
P,  is  given  by 


where 


N' 


6V' 


AV 


V' 


t,P 


aN'  +  6 V ' 

V,  ,  -  aAV 

bench 


(IV- 6 ) 


the  displacement  pump  scale  reading  at 
temperature  t  and  pressure  P  with  the  bomb 
filled  with  mercury,  inches 
the  displacement  pump  calibration  at  N1, 
ml.  Hg  at  30°C 

difference  in  pump  scale  reading  at  a 
sample  bomb  temperature  of  50°C  and  zero 
gauge  pressure  and  reading  at  t  and  P, 


inches 
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When  part  of  the  sample  bomb  volume  is  occupied 
by  the  sample,  the  volume  of  mercury  at  30°C  in  the  system 
at  temperature  t  and  pressure  P  is  given  by 


Vt  P  =  aN  +  6V  (IV- 7) 

where 

N  =  pump  scale  reading  at  t  and  P  with  sample 
in  the  bomb 

6V  =  displacement  pump  calibration  at  N,  ml. 

Hg  at  30°C 

Let  m  be  the  number  of  grams  (moles)  of  sample 
in  the  bomb,  and  let  V  be  the  specific  (molal)  volume  at 
temperature  t  and  pressure  P.  The  volume  occupied  by  the 
sample,  mV,  is  then  given  by 


mV 


(v’t,P  -  vt,p> 


30 


( IV- 8 ) 


where 


d  =  density  of  liquid  mercury  at  t  and  P, 
g/ml » 

d3Q  =  density  of  liquid  mercury  at  30°C, 
g/ml . 

Combining  these  various  equations, 


bench 


mV 


a  (N+AV)  -  6 V 


( IV- 9 ) 
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2.  Volume  Corrections 


The  three  corrections,  D^,  and  D^,  commonly 

made  are  individually  described  as  follows: 

a)  is  the  correction  for  the  change  of  the  compressibility 

of  mercury  with  temperature  and  for  the  compressibility 
of  the  steel  piston  withdrawn  from  the  displacement  pump0 
During  the  compressibility  run,  approximately  mV  ml.  of 
mercury  which  was  at  t°  in  the  blank  run  has  been  with¬ 
drawn  into  the  mercury  displacement  pump  at  30°C.  Also, 
a  volume  mV  of  steel  piston  has  been  withdrawn  from  the 
pump.  The  temperature  coefficient  of  the  compressibility 

of  mercury  —7  y^)  is  5.5  x  10  9  per  atmosphere-°C 

1  9  V 

and  the  coefficient  of  compressibility  of  steel  7^) 

_  7 

is  5.8  x  10  per  atmosphere.  Integrating  from  t  to 
30°C  at  1  atmosphere  and  from  1  to  P '  atmospheres,  and 
combining  gives 


D. 


5.8  x  10"7  +  5.5  x  10  9 ( t-30 ) 


(P'-l) (mV)  (IV-10) 


b)  D2  is  the  correction  for  the  increase  in  sample  volume 
due  to  vaporization  of  liquid  mercury.  It  is  given  by 


D 


2 


(A)  (P„  )  (mV) 

,.S2 - 

RTd , 


(IV-11) 


where 


A 


atomic  weight  of  mercury  (200.61) 


)  c  ir[.:l 
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PHg  =  vapor  pressure  of  mercury  at  T°K  and 
under  total  pressure  P 

This  correction  is  negligible  for  temperatures  below 
200°C . 

c)  corrects  for  the  changes  in  volumes  of  lines  and 

valves  with  change  in  room  temperature.  It  is  given  by 
the  expression 


D 


3 


(0.00235) (t 

rz 


d 


30 


Vv 


( IV- 12 ) 


where 

t  =  room  temperature  during  the  zero  set 
reading,  °C 

t  =  room  temperature  during  the  compressi¬ 
bility  run,  °C 

v  =  volume  of  mercury  lines  at  room  tempera¬ 
ture  in  ml.  Hg  at  30°C 

The  final  equation  for  the  calculation  of  total 
volume  occupied  by  the  gas  is  expressed  as 


mV 


V.  .  -  a(N  +  AV)  -  6V 

bench 


-  D1  +  D2  +  °3 


30 


'-l  d, 


(IV-13 ) 


An  example  illustrating  the  use  of  these  equations 
to  calculate  the  volume  occupied  by  the  gas  is  given  in 
Appendix  E. 
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V.  EXPERIMENTAL  RESULTS 
A.  Range  of  Investigation 

The  results  of  over  eight  hundred  measurements  per¬ 
formed  in  determining  the  volumetric  behavior  of  ethane, 
hydrogen  sulfide,  and  mixtures  of  ethane  and  hydrogen  sulfide 
are  included  in  Appendix  F.  Isotherms  at  50°  to  125°C  were 
studied  at  pressures  up  to  5000  pounds  per  square  inch. 

Very  accurate  compressibility  data  for  ethane  are 
available  in  the  literature.  The  volumetric  behavior  of 
ethane  was  investigated  at  a  temperature  of  50°C,  and  pres¬ 
sures  up  to  5000  pounds  per  square  inch  to  assess  the  per¬ 
formance  of  the  equipment.  Specific  volumes  and  compressi¬ 
bility  factors  for  pressures  from  226  to  5019  pounds  per 
square  inch  are  presented  in  Table  F-l.  A  plot  of  compres¬ 
sibility  factor  versus  pressure  is  given  in  Figure  21. 

The  pressure-volume-temperature  data  of  hydrogen 
sulfide  were  measured  at  50°,  71.11°,  75°,  100°,  104.44°, 
and  125°C  from  about  100  to  5000  pounds  per  square  inch  and  are 
presented  in  Table  F-2.  Plots  of  compressibility  factor  ver¬ 
sus  pressure  for  these  six  temperatures  are  presented  in 
Figure  22. 

Tables  F-3,  F-4,  F-5,  and  F-6  include  the  compres¬ 
sibility  data  for  mixtures  of  ethane  and  hydrogen  sulfide  con¬ 
taining  77.55,  63.52,  39.95,  and  21.42  mole  percent  ethane 
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ABeattie,  et  al 
ABeattie,  et  al 
□Michels,  et  al 


(8) 

(60) 


■From  the  BWR  Equation 
Constants  of  Opfell, 
et  al^63) 
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Lgure  21.  Compressibility  Factor  of  Ethane  at  50°C 


Compressibility  Factor 


96 


Figure  22. 


Compressibility  Factor  of  Hydrogen  Sulfide 
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respectively.  Four  isotherms  at  50°,  75° ,  100°,  and  125°C 
and  pressures  up  to  5000  pounds  per  square  inch  were  studied 
for  each  mixture . 

B.  Estimation  of  Accuracy 

In  order  to  estimate  the  overall  accuracy  of  the 
experimental  pressure-volume-temperature  measurements,  the 
systematic  errors  in  the  measurements  of  temperature,  pressure, 
volume,  mass,  and  composition  of  the  sample  are  considered 
separately  as  follows: 

1 .  Temperature  Measurement 

Although  temperatures  were  controlled  to  ±0.005°C 
and  measured  with  a  precision  in  the  order  of  ±0.002°C,  the 
uncertainty  in  the  temperature  measurement  was  much  higher 
owing  to  the  low  accuracy  of  the  calibration  for  the 
platinum  resistance  thermometer  and  the  Mueller  bridge.  The 
resistance  coils  in  the  temperature  bridge  were  not  maintained 
at  a  constant  temperature  by  provisions  in  the  instrument. 
Therefore,  this  caused  some  uncertainty  in  the  resistance 
measurement.  It  was  estimated  that  ±0.02°C  was  probably  the 
limit  of  the  accuracy  in  the  temperature  measurement. 

2 .  Pressure  Measurement 

Errors  in  the  determination  of  pressure  arose  from 
various  causes,  the  resolution  of  the  dead  weight  gauge- 
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differential  pressure  indicator  system,  the  elastic  distor¬ 
tions  in  the  piston  and  cylinder  due  to  pressure,  the  deter¬ 
mination  of  the  gauge  temperature,  the  reading  of  the 
barometer,  and  the  differential  pressure  indicator  zero  shift. 
Although  the  resolutions  observed  were  in  the  order  of  ±0.01 
pounds  per  square  inch,  the  overall  estimated  error  in  the 
measurement  of  pressure  was  ±0.02  percent  at  pressures  above 
2400  pounds  per  square  inch  for  the  high  pressure  range  piston- 
cylinder  assembly  and  increased  to  ±0.05  percent  for  low 
pressures  near  empty  weight  of  the  low  pressure  range. 

3 .  Measurement  of  Volume 

In  the  compressibility  determinations,  the  measure¬ 
ment  of  volume  was  the  least  reliable.  Factors  contributing 
to  the  volumetric  uncertainties  were:  the  displacement  pump 
calibration;  the  determination  of  the  sample  bomb  volume;  the 
measurements  of  the  blank  run;  and  the  readings  of  the  pump. 
Since  the  possible  error  in  any  pump  reading  was  ±0.001  inch, 
the  uncertainties  in  the  sample  bomb  volume  measurement,  the 
blank  run  measurement,  and  the  compressibility  reading  were 
±0.002  inch  each.  A  total  error  of  ±0.006  inch,  which  cor¬ 
responded  to  ±0.042  ml.,  was  estimated  to  be  the  error  from 
these  sources.  As  the  pump  calibration  introduced  an  error 
of  ±0.011  ml.,  the  overall  error  thus  became  ±0.053  ml. 
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Measurements  were  generally  made  at  sample  volumes  greater 
than  7  ml.,  thus  keeping  volume  errors  within  0.75  percent. 

4 .  Measurement  of  Sample  Mass 

The  mass  of  the  sample  was  determined  by  difference 
between  two  independent  weighings.  As  pointed  out  earlier, 
the  mass  of  the  sample  was  subject  to  an  uncertainty  of  ±0.2 
milligram  which  corresponds  to  a  maximum  error  of  ±0.03  percent 
for  a  sample  mass  of  about  0.6  gram. 

5 .  Measurement  of  Composition 

The  composition  of  the  mixtures  was  determined  by 
two  independent  analyses  on  two  chromatographs  as  described 
earlier.  The  agreement  between  these  values  was  within  0.3 
percent.  Although  the  composition  of  the  mixtures  does  not 
come  into  the  calculations  for  the  compressibility  factor,  it 
is  used  in  determining  the  dependence  of  the  mixture  proper¬ 
ties  on  composition. 

In  summarizing,  the  following  limits  of  the  systema¬ 
tic  errors  for  the  pressure-volume-temperature  measurements 
are  considered  realistic: 
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Maximum  Error 


Temperature 


±  0 . 02°C 


Pressure 


±0.05  percent 


Volume 


±0.75  percent 


Sample  Mass 


±0.03  percent 


Composition 


±0.3  percent 


C .  Reproducibility  of  Data 

During  the  measurement  of  the  pressure-volume- 
temperature  data,  several  different  sizes  of  sample  were 
selected  to  provide  enough  overlap  in  the  volume  ranges  co¬ 
vered  by  different  samples.  The  agreement  of  the  volume  and 
compressibility  factor  measurements  in  the  overlapping  area 
indicated  an  excellent  reproducibility  of  data.  The  compres¬ 
sibility  factors  thus  obtained  were  consistent  and  reproducible 
to  within  1  percent. 

In  the  volumetric  determinations  for  the  mixture 
containing  78.58  percent  hydrogen  sulfide,  an  analysis  of 
the  sample  withdrawn  from  the  sample  bomb  after  completion 
of  the  compressibility  run  indicated  a  slight  decomposition 
of  hydrogen  sulfide.  The  amount  decomposed  was  less  than  0.3 
percent  by  volume  of  the  hydrogen  sulfide  in  the  mixture. 
Contact  with  mercury  and  high  temperature  over  a  sufficiently 
long  period  of  time  were  the  most  likely  reasons  for  this 


occurrence . 
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D .  Data  Smoothing  Techniques 

In  a  procedure  used  for  extrapolation  of  P-V-T 
data  to  zero  pressure  and  for  smoothing  the  data,  Equation 
(II-5)  is  particularly  valuable  when  truncated  to  three 
terms  and  rearranged  as  follows: 

(Z-l)  (V)  =  B  +  ^  (V-l) 

Experience  with  reliable  data  has  shown  that  Equation 

(V-l)  is  in  fact  valid  up  to  moderate  pressures.  The  quan¬ 
tity  (Z-l)  (V)  becomes  very  sensitive  to  small  experimental 

errors  as  ^  or  P  approaches  zero.  Hence  data  for  low 
pressures  can  be  expected  to  scatter,  and  this  throws  greater 
weight  on  the  data  at  higher  pressures. 

The  plots  of  (Z-l) (V)  versus  (^)  were  prepared 
for  each  of  the  four  mixtures  of  ethane  and  hydrogen  sulfide 
and  a  factor  was  determined  which  when  multiplied  by  the 
experimentally  observed  compressibility  factors  gave  plots 
of  (Z-l) (V)  versus  (^)  which  were  more  nearly  linear  in  the 
low  and  moderate  pressure  region  for  each  isotherm  studied. 
These  plots  are  shown  in  Figures  23  through  26.  The  effect 
of  this  multiplying  factor  is  shown  in  Figure  24  where  the 
experimentally  observed  and  revised  compressibility  factors 
are  both  used  to  prepare  the  (Z-1)(V)  versus  (^)  plots. 

The  multiplying  factor  varied  from  0.993  to  1.006.  These 
revised  compressibility  factors  were  used  for  data  correlation 
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Figure  23.  Smoothing  Plots  for  Ethane- Hydrogen  Sulfide 

System  -  0.7755  Mole  Fraction  Ethane 


cu  ft. /lb  mole 
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(1/V)  lb  mole/cu  ft. 

Figure  24.  Smoothing  Plots  for  Ethane-Hydrogen  Sulfide 

-  0.6352  Mole  Fraction  Ethane 


System 


( Z  —  1 )  (V)  cu  ft. /lb  mole 


{1/V)  lb  mole/  cu  ft. 

Figure  25.  Smoothing  Plots  for  Ethane-Hydrogen  Sulfide 

System  -  0.3995  Mole  Fraction  Ethane 


(Z— l)(v)  cu  ft. /lb  mole 
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(1/V)  lb  mole/cu  ft 

Figure  26.  Smoothing  Plots  for  Ethane-Hydrogen  Sulfide 

System  -  0.2142  Mole  Fraction  Ethane 
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and  are  presented  in  Tables  F-3,  F-4,  F-5,  and  F-6  for  mixtures 
of  ethane  and  hydrogen  sulfide  containing  0.7755,  0.6352, 
0.3995,  and  0.2142  mole  fraction  ethane  respectively. 

The  revised  compressibility  factor  versus  pressure 
plots  for  the  four  mixtures  of  ethane  and  hydrogen  sulfide 
are  presented  in  Figures  27  through  30.  Interpolated  values 
of  the  revised  compressibility  factors  at  even  values  of 
pressures  for  the  four  mixtures  of  ethane  and  hydrogen  sulfide 
are  tabulated  in  Table  F-7.  Plots  of  compressibility  factor 
versus  composition  at  temperatures  of  50°,  75°,  100°,  and 
125°C,  each  at  pressures  of  100,  500,  1000,  2000,  and  5000 
pounds  per  square  inch,  showing  the  isobaric  effect  of  com¬ 
position  on  the  compressibility  factor,  are  given  in  Figures 
31  through  34. 
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Pressure,  psia 

Figure  27.  Compressibilitv  Factors  of  Ethane-Hydrogen  Sulfide 

System  -  0.7755  Mole  Fraction  Ethane 
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Pressure,  psia 

Figure  28.  Compressibility  Factors  of  Ethane-Hvdrogen  Sulfide 

System  -  0.6352  Mole  Fraction  Ethane 
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Figure  29.  Compressibility  Factors  of  Ethane-Hydrogen  Sulfide 

System  -  0.3995  Mole  Fraction  Ethane 
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Pressure,  psia 

Figure  30.  Compressibility  Factors  of  Ethane-Hydrogen  Sulfide 

System  -  0.2142  Mole  Fraction  Ethane 
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Composition  -  Hole  Fraction  Ethane 

Figure  31.  Isobaric  Effect  of  Composition  on  Compressibility 

Factor  for  Ethane-Hydrogen  System  at  50°C 
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Composition  -  Mole  Fraction  Ethane 

Isobaric  Effect  of  Compsotion  on  Compressibility 
Factor  for  Ethane-Hydrogen  Sulfide  System  at  75°C 


Figure  32. 
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Composition  -  Mole  Fraction  Ethane 

Isobaric  Effect  of  Composition  on  Compressibility 

Factor  for  Ethane-Hydrogen  Sulfide  Svstem  at  100°C 
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Composition  -  Hole  Fraction  Ethane 

Isobaric  Effect  of  Composition  on  Compressibility 
Factor  for  Ethane-Hydrogen  Sulfide  System  at  125°C 


Figure  34 . 
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E.  Comparison  with  Literature  Values 

The  value  of  the  compressibility  factor  for  ethane 
have  been  presented  in  Figure  21.  Also  shown  in  the  same 
figure  are  values  from  the  literature.  As  pointed  out  earlier, 
the  volumetric  behavior  of  ethane  at  50°C  was  studied  to 
assess  the  performance  of  the  equipment.  An  excellent  agree¬ 
ment  between  the  experimental  values  obtained  in  this  work 
and  the  results  reported  in  the  literature,  as  shown  in  Figure 
21,  indicated  that  the  equipment  was  working  satisfactorily. 

Although  volumetric  behavior  of  hydrogen  sulfide  had 
been  studied  by  Reamer,  Sage,  and  Lacey'  ,  it  was  considered 
desirable  to  check  the  reported  values  before  studying  the 
compressibilities  of  the  mixtures  of  ethane  and  hydrogen 
sulfide.  During  the  work  on  hydrogen  sulfide,  leakeage  prob¬ 
lems  were  encountered.  Most  of  the  runs  made  during  this 
stage  of  the  work  were  discarded.  However,  the  work  was  of 
some  value  since  an  indication  of  the  purity  of  the  hydrogen 
sulfide  could  be  obtained  from  the  change  in  vapor  pressure 
with  the  fraction  of  liquid  hydrogen  sulfide  vaporized. 

Two  isotherms,  one  at  160°F  and  the  other  at  220°F, 
were  studied  so  that  a  comparison  of  the  compressibility  factor 
versus  pressure  plots  could  be  made  at  the  desired  temperature 
without  interpolation.  Figure  35  shows  a  comparison  of  the 
volumetric  behavior  of  hydrogen  sulfide  at  160°F  between  this 
work  and  the  literature  values.  In  Figure  36  a  similar 
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Compressibility  Factor  of 
Hydrogen  Sulfide  at  160°F 


Figure  35. 
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Figure  36-  Compressibility  Factor  of 

Hydrogen  Sulfide  at  220°F 
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comparison  is  presented  at  220°F.  The  values  of  compressi¬ 
bility  factor  compare  closely  to  the  ones  reported  by 

(76) 

Reamer,  Sage,  and  Lacey  ,  while  the  scant  values  ob¬ 
tained  from  the  work  by  West^^^  do  not  compare  favorably. 

In  investigating  the  compressibility  properties  of 
hydrogen  sulfide,  the  sample  size  was  quite  small.  This 
lead  to  an  uncertainty  of  as  high  as  3.5  percent  in  the 
volumetric  determinations.  Since  the  agreement  between  the 
investigation  reported  by  Reamer  Sage,  and  Lacey  and  this 
work  is  good  and  the  former  covers  a  wider  range  of  temp¬ 
eratures  and  pressures,  those  values  were  used  in  data 
correlation. 

Because  the  volumetric  data  reported  in  the  litera¬ 
ture  on  the  system  ethane-hydrogen  sulfide  is  limited  to 
values  along  the  vapor-liquid  boundaries,  it  was  considered 
desirable  to  test  the  consistency  of  the  data  by  using  an 

existing  generalized  correlation.  The  method  proposed  by 

(22 ) 

Curl  and  Pitzer  was  chosen  on  the  basis  of  some  of  the 

arguments  given  in  the  section  on  theory,  and  also  because 
values  of  u>  are  available  for  both  ethane  and  hydrogen 
sulfide.  It  is  possible  to  obtain  an  a  priori  estimate  of 
the  interaction  term  without  using  the  data  on  mixtures 

by  comparison  with  other  systems  studied  and  consideration 
of  the  various  factors  affecting  intermolecular  forces. 
However,  the  value  of  the  acentric  factor  for  both  ethane 
and  hydrogen  sulfide  are  very  close  to  0.1  and  an  analogy 
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with  either  the  square  root  mixing  rule  or  linear  combina¬ 
tion  rule  indicates  that  a  value  of  0.1  can  be  used  for  the 

( 41 ) 

mixture  as  well.  The  work  of  Kay  and  Brice  was  utilized 

to  get  the  values  of  the  critical  constants  for  the  mixtures. 
By  using  the  tabulations  of  and  and  Equation 

(11-23) ,  the  compressibility  factor  versus  pressure  plots 
for  the  mixtures  were  calculated.  Figures  37  through  40 
show  the  comparison  between  the  experimental  values  and  the 
values  obtained  from  Pitzer's  correlation.  The  agreement 
between  these  two  sets  of  compressibility  factors  is  good  for 
mixtures  1  and  2  over  the  entire  range  of  temperatures  and 
pressures.  In  the  case  of  mixtures  number  3  and  4,  with 
higher  hydrogen  sulfide  content,  the  agreement  between  the 
predicted  and  experimental  values  is  good  up  to  pressures 
where  the  minimum  in  the  compressibility  is  encountered. 

At  higher  pressures  the  predicted  compressibility  factors 
are  lower  than  the  experimental  values.  The  maximum  devia¬ 
tions  in  the  compressibility  factor,  however,  does  not 
exceed  5  percent. 
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Pressure,  psia 

Figure  37.  Comparison  between  Predicted  and  Experimental 

Compressibility  Factors  for  Ethane-Hydrogen  Sulfide 
-  0.7755  Mole  Fraction  Ethane 


Svstem 
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Pressure,  psia 

Figure  38.  Comparisor  bstween  Predicted  and  Experimental 

Compressibi li tv  Factors  for  Ethane-Hydrogen 
Sulfide  System  -  C.6352  Mole  Fraction  Etane 
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Figure  39.  Comparison  between  Experimental  and  Predicted 

Compressibility  Factors  for  Ethane-Hydrogen 
Sulfide  System  -  0.3995  Mole  Fraction  Ethane 
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Pressure,  psia 

Comparison  between  Predicted  and  Experimental 
Compressibility  Factors  for  Ethane-Hydrogen  Sulfide 
Svstem  -  0.2142  Hole  Fraction  Ethane 


Figure  40. 
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VI.  DATA  CORRELATION 


Various  equations  of  state  were  used  for  the  pur¬ 
pose  of  data  correlation.  As  was  mentioned  earlier,  the 
procedure  of  fitting  the  data  with  Forsythe  polynomials 
requires  data  at  even  increments  of  temperature  and  pres¬ 
sure.  The  experimental  data  were  collected  at  temperatures 
which  do  not  require  interpolation  for  this  purpose:  the 
data,  however,  have  to  be  generated  at  some  fixed  values 
of  pressure  at  each  temperature.  A  Lagrangian  interpolation 
scheme  which  has  been  described  in  Appendix  A  was  therefore 
used  to  evaluate  compressibility  factors  at  even  increments 
of  pressure.  Each  of  the  equations  used  for  the  correlation 
of  data  will  now  be  discussed  individually  and  comparisons 
between  alternative  methods  of  evaluating  constants  of 
these  equations  will  be  made.  All  calculations  were  made 
in  double  precision  arithmetic  so  that  values  of  the  con¬ 
stants  could  be  reported  to  eight  significant  figures. 

A .  The  Benedict-Webb-Rubin  Equation  of  State 

The  eight-constant  BWR  ecruation  was  fitted  to  the 
experimental  data  by  using  the  procedure  described  in 
Appendix  A.  It  was  found  that  a  check  of  inversion  in 
which  the  matrix  is  multiplied  by  its  inverse  does  not  yield 


. 

' 

j  I 

> 


125 


a  matrix  which  could  be  regarded  as  an  identity  matrix. 

This  was  an  indication  of  ill-conditioning  of  the  matrix 

and  was  most  probably  caused  by  the  inordinately  large 

differences  in  the  order  of  magnitude  of  the  elements, 

N 

G^RGnj ,  of  the  matrix  to  be  inverted.  If  the  terms 

Gf,  G^ ,  and  G^  in  Eauation  (11-64)  were  multiplied  by  a 

4 

factor  of  10  ,  and  the  terms  G^  and  G ^  multiplied  by  a 
factor  of  1010,  the  resulting  matrix  could  be  inverted 
without  encountering  any  ill-conditioning.  This  multipli¬ 
cation  procedure  acts  as  a  sort  of  normalization  of  the 

ecruations .  The  new  constants  K,  ,  K„  ,  and  obtained  in 

14  6 

this  manner  have  to  be  multiplied  by  a  factor  of  10^  to 
get  the  constants  of  the  BWR  ecruation.  When  the  check  of 
inversion  was  done  on  the  inverted  matrix  thus  obtained 
the  off-diagonal  elements  were  in  the  order  of  magnitude 
of  10  ^0.  An  improvement  of  this  matrix  was  therefore  not 
considered  necessary. 

In  Appendix  A,  it  was  mentioned  that  a  search  was 
first  made  for  the  region  where  a  minimum  for  the  sum  of  the 
squares  of  the  residuals  exists.  After  this  range  of  y 
was  fixed,  a  loop  in  which  a  search  for  the  minimum  of  the 
sum  of  the  sauares  of  the  residuals  with  respect  to  y  is 
made  was  included  in  the  program.  This  procedure  was 
followed  because  the  function  to  be  minimized  may  have  a 
few  local  minima  and  if  a  suitable  initial  guess  and  step 
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size  for  y  is  not  chosen  the  constants  obtained  may  not 
correspond  to  the  values  for  the  least  sauares  criterion. 

The  value  of  the  coefficients  for  the  BWR  ecruation 
for  ethane,  hydrogen  sulfide,  and  four  mixtures  of  these 
gases  are  presented  in  Table  VI-1 .  Plots  of  these  co¬ 
efficients  versus  the  composition  of  the  mixtures  of 
ethane  and  hydrogen  sulfide  are  shown  in  Figures  41  and 
42.  The  range  of  temperatures  covered  is  from  50°  to 
125°C  and  the  range  of  pressures  is  from  100  to  5000  pounds 
per  square  inch,  the  volume  in  cubic  feet  per  pound  mole, 

and  the  temperature  in  degrees  Rankine . 

(9 ) 

Benedict,  Webb,  and  Rubin  ,  applying  their  equa¬ 
tion  to  represent  the  volumetric  behavior  of  light  hydro¬ 
carbons  reported  average  deviations  of  0.34,  0.31,  0.40, 
and  0.31  percent  for  methane,  ethane,  propane,  and  n- butane 
respectively.  Opfell,  Pings,  and  Sage^^  have  used  the 
BWR  ecruation  for  hydrocarbons  and  mixtures  and  reported 
deviations  in  the  order  of  magnitude  encountered  in  this 
work.  It  is,  therefore,  concluded  that  the  BWR  equation 
with  the  constants  given  in  Table  VI-1  may  be  considered 
to  represent  the  volumetric  behavior  of  ethane.,  hydrogen 
sulfide,  and  their  mixtures  reasonably  well. 

It  is,  however,  to  be  noted  that  the  constants  may 
not  follow  the  mixing  rules  represented  by  Ecruations  (11-31) 
through  (11-39)  in  Chapter  II.  In  reviewing  the  results 
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Coefficients  of  BWR  Equation  for  Ethane^ Hydrogen  Sulfide  System 
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Composition  -  Mole  fraction  Ethane 

Coefficients  of  the  BUR  liquation  for  Ethane- 
Hydrogen  Sulfide  System  -  B0 ,  b,  a,  Y 


figure  41. 
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Figure  42.  Coefficients  of  the  BWR  Equation  for 

Ethane-Hydroge^  Sulfide  Ivstem  - 
A o  r  a  CQ ,  c,  aa 
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obtained  in  describing  the  behavior  of  mixtures  with 
the  BWR  equation  of  state,  Opfell,  et  al^^  have  repor¬ 
ted  that  although  Benedict's  combining  rules  have  yielded 
results  which  have  proven  most  useful,  they  were  not 
aware  that  the  square-root,  cube- root  or  linear  average 
of  the  coefficients  for  the  components  has  any  basis  in 
theory.  Although  the  equation  was  developed  for  use  with 
hydrocarbons,  it  has  been  tested  on  other  compounds  and 
mixtures.  However,  the  prediction  of  mixture  properties 
based  on  Benedict's  combining  rules  has  given  poor  results 

when  systems  were  not  entirely  composed  of  hydrocarbons. 

(28) 

Eakin  and  Ellington'  studied  the  application  of 
the  BWR  equation  to  hydrocarbon-carbon  dioxide  mixtures. 

Two  sets  of  carbon  dioxide  constants  for  the  BWR  equation, 
one  for  mixtures  containing  less  than  40  mole  percent 
carbon  dioxide  and  another  for  remaining  mixtures,  had  to 
be  developed  to  obtain  desired  accuracies.  Even  with 
these  two  sets  of  constants,  the  carbon  dioxide  rich  mix¬ 
tures  had  an  average  deviation  between  the  observed  pres¬ 
sures  and  those  predicted  by  the  use  of  the  constants  in  the 

(89) 

BWR  equation  of  2.76  percent.  Sass,  Dodge,  and  Brettonv 

in  their  study  on  the  ethylene- carbon  dioxide  system  have 

reported  the  inadequacy  of  the  mixing  rules  to  predict  the 

apparent  maxima  and  minima  which  occur  for  the  constants 

A  ,  B  ,  C  ,  and  c . 
o  o  o 
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(28) 

From  the  work  of  Eakin  and  Ellington v  it  was 
concluded  that  two  sets  of  carbon  dioxide  constants  for 
the  BWR  equation  were  required  because  they  forced  the 
data  to  obey  Benedict's  mixing  rules.  It  was,  therefore, 
desirable  to  evaluate  the  constants  for  ethane,  hydrogen 
sulfide,  and  each  mixture  of  these  gases  to  see  if  the 
constants  did  obey  the  mixing  rules  proposed  by  Benedict. 

The  plots  in  Figures  41  and  42  indicate  the  com¬ 
position  dependence  of  the  coefficients  of  the  BWR  ecrua- 
tion.  Because  of  the  apparent  maxima  and  minima  which 

occur  for  the  constants  A  ,  B  ,  and  C  and  which  cannot  be 

o  o  o 

obtained  by  using  the  linear,  square  root,  cube  root  or  the 
Lorentz  mixing  rules,  the  general  mixing  rule  given  by 
Equation  (11-27)  was  used.  The  first  step  in  determining 
the  composition  dependence  of  the  BWR  ecuation  constants 
was  to  fit  the  mixture  constants  by  least  squares  criterion 
to  get  a  set  of  constants  for  the  pure  components  and  the 
interaction  constants.  The  fit  was  not  very  good  and 
deviations  as  high  as  11  percent  were  encountered.  Using 
the  values  of  these  24  constants,  the  compressibility 
factors  for  the  mixtures  was  calculated.  The  average  per¬ 
centage  deviation  for  639  points  checked  was  3.3  percent. 

As  pointed  out  earlier,  a  relatively  large  number 
of  combinations  of  values  of  the  coefficients  may  be 
employed  to  yield  comparable  accuracy  in  describing  the 
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volumetric  behavior  of  gases.  Because  the  coefficients 
are  interrelated  and  a  small  variation  in  one  without 
appropriate  changes  in  the  others  introduces  a  large 
variation  in  the  results,  a  poor  prediction  of  the  com¬ 
pressibility  factors  is  to  be  expected  when  each  co¬ 
efficient  is  correlated  separately.  A  better  procedure 
would  be  to  incorporate  the  mixing  rule  in  the  data 
correlation  scheme  and  determine  the  constants  directly. 

In  this  case  twenty-four  constants  have  to  be  deter¬ 
mined.  If  the  values  of  y  for  the  two  pure  components 
are  assumed  and  the  linear  square  root  combination  rule 
is  also  assumed  to  apply,  only  twenty-one  constants  have 
to  be  evaluated  as  a  solution  of  twenty-one  simultaneous 
linear  equations.  In  this  correlation  the  data  for  pure 
components  and  four  mixtures  were  used  The  values  of  the 
constants  are  given  in  Table  VI-2.  In  performing  the 
calculations  aa  was  considered  as  a  constant  and  the 
mixing  rule  given  in  Equation  (11-27)  applied  to  it.  The 
reported  values  of  a  are,  therefore,  the  ratios  of  aa 
and  a.  The  average  percentage  deviation  for  the  639  points 
used  in  the  correlation  was  0.645  and  the  maximum  percent¬ 
age  deviation  encountered  was  5.61  percent. 

The  nature  of  the  curves  for  the  BWR  equation  shown 
in  Figures  41  and  42  suggests  that  Eauation  (11-27)  may  be 
a  good  representation  for  the  constants  Aq,  Bq  and  CQ*  but 
a  cubic  equation  may  be  needed  to  represent  the  behavior 
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exhibited  by  the  constants  a,  b,  c,  and  a.  A  comparison 
between  the  BWR  ecruation  and  the  virial  equation  expli¬ 
cit  in  pressure  indicates  that  the  constants  a,  b,  a, 
and  c  for  the  mixtures  may  be  represented  by  an  equation 
similar  to  Equation  (11-44) .  When  the  square  root  com¬ 
bining  rule  was  used  for  y,  Ecruation  (11-43)  which  is  a 
combining  rule  for  the  second  virial  coefficient  was 

used  for  the  constants  A  ,  B  ,  and  C  and  Ecruation  (11-44) 

o  o  o  - 

was  used  for  the  constants  a,  b,  c,  and  aa ,  the  average 
percentage  deviation  came  down  to  0.552.  The  maximum 
deviation,  however,  increased  to  8.24  percent.  The  values 
of  these  constants  are  presented  in  Table  VI-3. 

It  may,  therefore,  be  concluded  that  the  23-constant 
equation  which  has  only  one  interaction  term  for  each  con^ 
stant  is  able  to  represent  the  volumetric  behavior  of 
ethane-hydrogen  sulfide  system  satisfactorily.  An  increase 
in  the  number  of  constants  to  twenty-seven  does  not  give 
an  appreciably  better  representation  of  the  compressibili¬ 
ties  . 

To  check  the  applicability  of  the  23-constant  BWR 

equation  to  predict  the  volumetric  behavior  of  the  ethane- 

hydrogen  sulfide  system,  calculations  were  made  to  com- 

(74)  o 

pare  the  predicted  values  with  Raczuk's  data  at  160  F. 
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The  results  are  shown  in  Figure  43.  The  agreement 
between  the  predicted  compressibility  factor  and  the 
compressibility  factor  values  from  Raczuk’s  work  is 
very  good  up  to  the  point  where  a  minimum  in  the  com¬ 
pressibility  factor  for  each  isotherm  is  observed. 

Beyond  this  point,  however,  the  predicted  and  experi¬ 
mental  compressibility  factors  start  to  diverge  with 
an  increase  in  the  pressure.  The  experimental  data 
have  higher  values  compared  to  the  predicted  results. 

A  similar  trend  was  observed  when  Raczuk's  data  were 
compared  with  Pitzer's  correlation.  His  experimental 
compressibility  results  were  always  higher  than  the 
predicted  values.  The  difference  was  as  high  as  40 
percent. 

When  Raczuk's  data  for  each  mixture  were  cor¬ 
related  individually  by  using  the  BWR  equation  of  state, 
the  average  deviations  ranged  from  1.2  to  4.6  percent. 
The  maximum  deviations  ranging  from  10  to  20  percent 
were  encountered.  This  indicates  that  although  the 
maximum  error  estimated  by  him  was  2.5  percent,  the 
uncertainties  in  the  measurements  of  compressibility 
factor  are  much  higher. 


. 
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Figure  43.  Comparison  between  Raczuk's  Data  and 

23-Constant  BWR  Eauation  at  160Ot?  for 
the  Ethane-Hydrocfen  Sulfide  System 
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B .  Redlich-Kwong  Equation 

The  Redlich-Kwong  equation  is  essentially  an 
empirical  equation  of  state  and  its  justification  rests 
mainly  on  the  degree  of  approximation  obtained.  Pro¬ 
posed  originally  as  a  two-constant  equation,  it  is 
supposed  to  give  satisfactory  results  above  the  critical 
temperature  for  any  pressure.  In  the  course  of  this 
work  it  was  found  that  the  equation  is  not  suitable  over 
a  wide  range  of  pressures  if  only  one  set  of  constants 
is  used  over  the  entire  range.  Consequently,  in  the 
correlation  of  data  with  the  Redlich-Kwong  equation, 
compressibility  data  for  temperatures  between  50°  and 
125°C  and  pressures  up  to  about  2000  pounds  per  square 
inch  were  used  for  isotherms  above  the  critical  tempera¬ 
ture.  Only  gas  phase  compressibility  data  were  used  for 
isotherms  below  the  critical  temperature.  The  values  of 
the  two  constants  of  the  Redlich-Kwong  eauation  for  the 

four  mixtures  of  ethane  and  hydrogen  sulfide  calculated 

( 84 ) 

by  using  the  Rosebrock's  method  are  presented  in 

Table  VI-4.  The  maximum  error  encountered  in  this 
correlation  was  2.93  percent  in  the  estimation  of  the 
compressibility  factor. 
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Table  VI-4 

Redlich-Kwong  Equation  Constants  for 

the  Ethane-Hydrogen  Sulfide  System 


Mole  Fraction 

Ethane  0.7755 

0.6352 

0.3995 

0.2142 

(a)  (10-6) 

(psi.cu.ft.  °RU ’ 
per  Ib.mole^)  0.43471267 

0.43194417 

0.42135703 

0.42119142 

b  (cu.ft.  per 

lb. mole)  0.60804930 

0.58766592 

0.53907299 

0.50004404 

Standard  Error 
of  Estimate  0.00403 

0.00360 

0.00325 

0.00389 

The  constants  a  and  b  for  the  mixture  are  represen- 
tend  in  terms  of  the  constants  and  the  mole  -Fractions  of 
the  pure  components  by  the  relationships  of  the  type  repre¬ 
sented  by  Equations  (11-40)  and  (11-41) .  Because  the 
critical  temperature  of  mixture  3  is  higher  than  50°C  and 
that  of  mixture  4  higher  than  75°C,  the  number  of  points 
in  the  gas  phase  for  these  mixtures  becomes  small.  This 
puts  a  greater  weight  on  the  points  at  low  pressures  and 
leads  to  a  smaller  value  for  the  constants  of  the  Redlich- 
Kwong  equation  signifying  a  tendency  towards  ideal  gas 
behavior.  This  was  amply  illustrated  by  the  results  when 
the  constants  were  evaluated  at  each  temperature  for  the 
four  mixtures.  These  calculations  also  indicated  that  the 


■ 
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value  of  the  constants  a  and  b  decreases  when  the  tem¬ 
perature  was  increased  from  50°C  to  125°C.  A  similar 

( o  3  \ 

trend  was  observed  by  Robinson  and  Jacoby  . 

A  relationship  between  the  constants  a  and  b  of 
the  Redlich-Kwong  equation  and  temperature  T  in  degrees 
Kelvin  given  by  Ecruations  (11-17)  and  (11-18)  was 
tried.  Owing  to  the  large  difference  in  the  values  of 
the  constants  for  temperatures  below  the  critical  as 
compared  to  the  values  for  temperatures  above  the  criti¬ 
cal,  the  constants  a,  8,  y,  and  6  were  calculated  from 
the  latter  values  alone.  The  constants  a,  8,  y,  and 
<5  were  also  evaluated  by  substituting  the  relationship 
represented  by  Ecruations  (11-17)  and  (11-18)  into 
Ecruation  (11-12).  In  this  case  it  was  found  that  com¬ 
pressibility  data  up  to  a  pressure  of  5000  pounds  per 
square  inch  could  be  correlated  with  an  average  devia¬ 
tion  of  less  than  2  percent.  The  maximum  deviation 
observed  may  be  as  high  as  11  percent.  The  constants 
for  the  four  mixtures  of  ethane  and  hydrogen  sulfide  are 
presented  in  Table  VI-5. 
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Table  VI-5 

Redlich-Kwong  Equation  (Modified)  Constants 
for  the  Ethane -Hvdrocren  Sulfide  System 


Mole  Fraction 
Ethane 

(a) (10~4) 

(  R  /psi) 

(8) (10_1) 

(  R  /psi) 

(y)  do) 

(°R/psi ) 

(«) (104 ) 
(1/psi) 


0.7755 

0.40970535 

-0.18322829 

0.60486226 

-0.13943936 


0.6352 

0.40545493 

-0.15952771 

0.58120537 

-0.09471110 


0.3995 

0.38661438 

-0.11688855 

0.52346655 

-0.07490356 


0.2142 

0.37970055 

-0 .08843052 

0.47749810 

-0.05837778 


Standard  Error 

of  Estimate  0.01093  0.01191  0.00683  0.00541 


On  substituting  relationships  given  by  Eauations 
(11-17)  and  (11-18)  into  Eauation  (11-12)  and  fitting  the 
same  experimental  compressibility  data  used  for  calcula¬ 
ting  the  constants  given  in  Table  IV-  4  by  Rosenbrock  s  method, 
the  constants  of  the  modified  Redlich-Kwong  eauation  given 
in  Table  VI-6  were  obtained.  The  maximum  deviation  observed 
in  the  correlation  was  6.1  percent  in  the  compressibility 
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C .  Virial  Equation  of  State 

An  infinite  series  in  terms  of  reciprocal  molar 
volume  represented  by  the  Eauation  (11-5)  is  the  form  of 
virial  equation  commonly  used.  If  it  is  supposed  that 
the  series  is  truncated  after  n  terms,  the  parameters  in 
the  resulting  eauation  are  to  be  evaluated  from,  the  experi¬ 
mental  data,  a  least  sauares  criterion  may  be  used.  The 
values  of  these  parameters,  then,  become  a  function  of  the 
number  of  terms  used.  It  is,  therefore,  necessary  to  evalu 
ate  the  parameters  as  limiting  values  when  the  truncated 
series  are  fitted  to  the  data  in  narrow  regions.  Depending 
on  the  range  of  pressures  and  the  method  of  extrapolation, 
considerable  difference  in  the  values  of  these  virial  co¬ 
efficients  is  obtained.  Furthermore,  the  error  in  V(Z-l) 
due  to  a  constant  error  in  Z  increases  hyperbolically  with 
decreasing  reciprocal  volume  causing  the  problem  of  weight¬ 
ing  the  data  at  low  pressures  to  be  quite  important. 

The  sample  output  program  number  5  in  Appendix  A, 
for  correlating  the  volumetric  data  of  mixture  2  containing 
0.6352  mole  fraction  ethane,  indicates  that  an  equation 
containing  13  terms  can  represent  the  compressibility  with 
an  average  deviation  of  1.177  percent  and  the  maximum  devia 
tion  not  exceeding  6.3  percent.  However,  the  same  eauation 
is  not  able  to  represent  the  volumetric  behavior  of  other 
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mixtures.  Therefore ,  it  becomes  necessary  to  increase 
the  number  of  terms  in  the  ecruation.  An  ecruation  con¬ 
taining  15  parameters  involves  inverting  a  matrix  with 
256  elements.  If  the  composition  dependence  of  these 
constants  is  to  be  incorporated  in  the  equation  the 
matrix  becomes  too  large  for  ease  of  mathematical  com¬ 
putation  and  also  is  ill-conditioned. 

Although  the  use  of  Forsythe  polynomials  avoids 
the  problem  of  ill-conditioned  matrices  and  these  poly¬ 
nomials  can  be  converted  to  a  power  series,  the  resulting 
equation  possesses  the  same  drawback  as  the  truncated 
virial  ecruation  because  the  virial  coefficients  so  obtained 
do  not  correspond  to  the  values  obtained  in  the  limiting 
case  of  an  infinite  number  of  terms.  In  addition,  each 
successively  higher  polynomial  contributes  to  the  terms 
obtained  by  converting  the  rest  of  the  lower  polynomials 
to  a  power  series. 

The  values  of  the  second  and  third  virial  coefficients 
were  calculated  for  the  ethane-hydrogen  sulfide  system  by 
using  Ecruation  (V-l)  and  a  method  similar  to  the  one  des- 

( 35£ ) 

cribed  by  Hoover  et  al  .  In  this  method,  the  maximum 

pressure  for  which  Equation  (V-l)  is  valid  within  experi¬ 
mental  error  is  determined  from  the  experimental  data  and 
then  an  iterative  scheme  is  used  to  determine  the  values  of 
B  and  C.  Because  the  (Z-1)(V)  versus  (1/V)  plots  are  linear 


. 
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in  this  region  the  problem  reduces  to  fitting  a  best 
straight  line  when  both  ordinate  and  abscissa  are  sub¬ 
ject  to  experimental  errors.  Such  a  study  has  been 

( 55A) 

made  by  Madansky  .  He  has  shown  that  when  the 

expected  errors  6y  in  an  ordinate  y  and  6x  in  an 
abscissa  x  are  zero  and  are  uncorrelated  with  n  observed 
quantities  then  the  best  straight  line,  y  =  mx  +  b,  will 
produce  a  minimum  in: 

n  k 

E  (  - 5 5 - y  )  (y.  -  b  -  m  X.  )2 

j  =  l  (6y  ;  +  m  (<5x.)  ^ 

j 

where  k  is  a  proportionality  constant  which  appears  in  a 
weighting  factor  coefficient  of  the  square  of  the  devia¬ 
tion  of  y^  from  its  prediction  by  (mx^  +  b) .  In  the 
application  here,  k  is  taken  as  unity,  the  slope  m  is 
the  third  virial  coefficient  C,  and  the  intercept  b  is 
the  second  virial  B.  The  ordinate  y.  is  the  eauivalent 
of  (Z-l) (V)  and  x^  is  the  equivalent  of  (1/V) . 

The  values  of  the  second  and  third  virial  coeffi¬ 
cients  are  given  in  Table  VI-7  and  are  plotted  in  Figures 
44  and  45  against  composition  of  the  mixture  to  show  the 
variation  with  mole  fraction  of  ethane  in  ethane-hydrogen 
sulfide  mixtures. 

The  plots  in  Figure  44  showing  the  isothermal  varia¬ 
tion  of  B  with  composition  exhibit  a  maximum  for  each  tern- 
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Table  VI-7 

Second  and  Third  Virial  Coefficients  for 
Ethane-Hydrogen  Sulfide  System 


Second  Virial  Coefficient,  B  (cu  ft/lb  mole) 


Mole  Fraction 
Ethane 

50°C 

75°C 

100°C 

125°C 

1.0000 (a) 

-2.342 

-1.994 

-1.737 

-1.486 

0.7755 

-2.301 

-1.950 

-1.702 

-  1.445 

0.6352 

-2.310 

-1.969 

-1.706 

-1.444 

0.3995 

-2.332 

-1.991 

-1.700 

-1.457 

0.2142 

-2.446 

-2.074 

-1.738 

-1.486 

0.0000 (b) 

-2.658 

-2.235 

-1.902 

-1.633 

Third  Virial 

Coefficient 

,  C  (cu 

ft/lb  mole) 

Mole  Fraction 
Ethane 

50°C 

7  5°C 

100°C 

125°C 

1.0000  (a) 

2.369 

2.062 

1.822 

1.675 

0.7755 

1.902 

1.679 

1.535 

1.405 

0.6352 

1.860 

1.640 

1.464 

1.307 

0.3995 

1.883 

1.596 

1.342 

1.175 

0.2142 

2.385 

1.712 

1.320 

1.092 

0.0000 (b) 

3.588 

2.270 

1.492 

1.081 

(24 ) 

(a)  Calculated  from  David  and  Harman 

/  *7  r  \ 

(b)  Calculated  from  data  of  Reamer,  Sage,  and  Lacey 
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Variation  of  Second  Virial  Coefficient 
with  Mole  Fraction  of  Ethane  in  Ethane- 
Hvdroaen  Sulfide  System 


Fiaure  4 4 . 


Third  Virial  Coefficient,  C  (cu  ft/lb  mole) 


148 


Composition  -  Mole  Fraction  Ethane 

Figure  45.  Variation  of  Third  Virial  Coefficient  with 

Mole  Fraction  of  Ethane  in  Ethane-Hydrogen 
Sulfide  Svstem 
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perature  studied.  The  isothermal  variation  of  C  with 
composition  of  the  mixture,  presented  in  Figure  45 , 
shows  a  minimum. 

From  the  discussion  in  the  last  three  sections 
of  this  chapter  it  is  evident  that  the  coefficients  of 
any  equation  depend  on  several  things  such  as  the 
primary  data  used,  the  number  of  points  used,  the  weight 
put  on  the  points,  the  range  of  temperatures  and  pressures 
used,  the  criterion  selected  for  fitting  the  data,  and  the 
dependent  and  independent  variables  chosen*  A  comparison 
between  the  predicted  and  experimental  results  for  mixture 
number  2  is  shown  in  Figure  46.  The  temperature  at  which 
the  comparison  is  made  is  50°C  which  corresponds  to  a 
reduced  temperature  of  1.0234.  Because  the  predicted 
results  are  not  much  different  from  the  experimental  values 
and  also  not  much  different  from  each  other,  only  a  few  com¬ 
binations  of  the  constants  from  various  sources  have  been 
shown.  The  constants  of  the  BWR  equation  for  ethane  given 

by  Opfell,  et  al  ;  were  combined  with  the  constants  for 

/  ( 9  3 ) 

hydrogen  sulfide  given  by  Simon  and  Briggs  using  the 

Benedict's  mixing  rules.  These  mixing  rules  were  also  used 
to  combine  the  constants  for  ethane  and  for  hydrogen  sulfide 
obtained  in  this  work  from  the  data  of  Reamer,  Sage,  and 

/nr  -7  r  \ 

Lacey k  ;  and  presented  in  Table  VI-1.  The  Redlich-Kwong 

ecruation  constants  for  ethane  and  hydrogen  sulfide  given  by 

(8  3) 

Robinson  and  Jacoby 


were  combined  by  using  the  linear 
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Pressure,  psia 

Figure  46.  Comparison  between  Predicted  and 

Experimental  Compressibility  Factors 
for  Ethane-Hydrogen  Sulfide  System 
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and  linear  square  root  mixing  rules  for  the  constants 
b  and  a.  The  compressibility  was  also  predicted  by 
using  the  same  mixing  rules  and  the  values  of  the  con¬ 
stants  obtained  in  this  work  and  presented  in  Table 
VI-6.  The  results  indicate  that  although  the  constants 
for  the  mixtures  of  ethane  and  hydrogen  sulfide  do  not 
follow  these  mixing  rules,  satisfactory  results  can  be 
obtained  by  using  these  mixing  rules  and  the  constants 
for  the  pure  components.  This  may  be  caused  by  the 
generation  of  a  new  set  of  constants  which,  although 
quite  different  from  the  mixture  constants,  produce  the 
same  overall  effect. 
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VII.  CONCLUSIONS 

1.  Equipment  similar  to  that  designed  by  Beattie  was 
built  and  shown  to  function  properly  by  experiments 
on  ethane  at  50°C. 

2.  The  volumetric  behavior  of  hydrogen  sulfide  was 
studied  at  six  temperatures;  50°,  71.11°,  75°,  100°  , 
104.44°,  and  125°C.  The  results  were  compared  with 
the  reported  values  at  temperatures  of  71.11°  and 
104.44°C.  The  maximum  deviation  in  the  compressi¬ 
bility  factor  was  observed  near  the  two  phase  boundary 
at  71.11°C  and  was  less  than  0.005. 

3.  Compressibility  investigations  were  made  for  four 
mixtures  of  ethane  and  hydrogen  sulfide  at  four  tem¬ 
peratures,  50°,  75°,  100°,  and  125°C  and  at  pressures 
from  about  50  to  5000  pounds  per  scruare  inch. 

4.  A  comparison  between  Pitzer's  correlation  and  the 
experimental  data  was  made.  The  agreement  was  reasonably 
good,  but  for  mixtures  number  3  and  4  with  a  high  hydro¬ 
gen  sulfide  content  deviations  as  high  as  5  percent 
were  observed. 

5.  Experimental  data  for  each  mixture  of  ethane  and 
hydrogen  sulfide  and  for  the  pure  components  were  cor¬ 
related  with  the  Benedict-Webb-Rubin  ecruation  of  state. 

It  was  found  that  this  equation  could  represent  the 
mixture  data  with  an  average  percentage  deviation  of 


' 


, 


■ 


153 


less  than  0.47  which  is  in  the  range  of  average 
percentage  deviations  of  0.28  and  0.64  observed 
for  ethane  and  hydrogen  sulfide  respectively. 

6.  Benedict's  mixing  rules  for  the  constants  in  the 
BWR  ecruation  do  not  apply  to  the  ethane-hydrogen 
sulfide  system. 

7 .  A  modified  form  of  the  BWR  equation  which  incor¬ 
porates  the  dependence  of  the  constants  on  the 
composition  of  the  mixture  was  able  to  represent 
the  experimental  data  with  an  average  percentage 
deviation  of  less  than  0.65  over  the  entire  range 

of  pressures,  temperatures,  and  compositions  studied 
in  this  work. 

8 .  The  Redlich-Kwong  equation  was  used  for  the  correla¬ 
tion  of  the  gas  phase  data  for  pressures  up  to  about 
2000  pounds  per  square  inch.  The  standard  deviation 
for  such  a  data-fit  was  in  the  order  of  magnitude  of 
0.01.  The  maximum  deviation  encountered  was  6.1  per¬ 
cent  . 

9 .  The  number  of  terms  required  in  the  virial  equation  to 
represent  the  entire  range  of  experimental  data  was 
high  compared  to  a  closed  form  equation.  The  second 
and  third  virial  coefficients  for  ethane,  hydrogen 
sulfide  and  four  mixtures  were  calculated  at  50°,  75°, 
100°,  and  125°C.  Variaton  of  B  with  composition  of  the 


. 


. 

sapors  rf  vn  cr  io~:  900  I*ixiv  £>x  ftt  Jx  > 

' 


154 


mixture  at  constant  temperature  exhibited  a  maximum 
and  the  isothermal  variation  of  C  with  composition 
showed  a  minimum. 


. 
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NOMENCLATURE 

A  ,  B  ,  C  ,  a ,  b ,  c ,  a ,  y  Coefficients  of  the  BWR  equation 

000  of  state 

A,  B,  a,  b,  a,  3,  y,  ^  Coefficients  of  the  Redlich- 

Kwong  equation  of  state 

B,  C,  D ,  B ' ,  C',  D',  B  (T )  ,  Coefficients  of  the  virial 


C (T )  ,  D (T) 

equation  of  state 

A 

Area 

A 

Matrix 

B 

Matrix 

C 

Vector 

C 

Matrix 

G. 

1 

Defined  in  Equation  (11-64) 

I 

Identity  Matrix 

K. 

1 

Defined  in  Equation  (11-64) 

L 

Lagrangian  coefficient 

L 

Lower  triangular  matrix 

N 

Pump  reading 

P 

Pressure  or  polynomial 

Q 

Polynomial 

R 

Universal  gas  constant  or 
resistance 

T 

Temperature 

U 

Potential  energy  function 

U 

Upper  diagonal  matrix 

V 

Molar  volume 

z 

Compressibility  factor 

(&d-II)  noi:tfiir:3  ni  hani  eC 
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z ,  z 

Pitzer's  universal  functions 

d 

Density 

e 

Step  size 

f 

Fractional  change  or  function 

g 

Acceleration  due  to  gravity 

h 

Defined  in  Equation  (11-14) 

k 

Boltzmann's  constant  or 
equation  of  state  constant 

m 

Number  of  points  or  poly¬ 
nomial 

n 

Number  of  points  of  poly¬ 
nomial 

r 

Intermolecular  distance 

u 

Number  of  points 

V 

Number  of  points  or  orthogo¬ 
nal  vectors 

x 

Mole  fraction  or  variable 

y 

Variable 

Greek  Letters 


A 

Refers  to  a  small  increment 
or  difference 

A 

Parameters 

Z 

Denotes  summation  over  a 
variable 

n 

Denotes  multiplication  over 
a  variable 

a 

Coefficient 

6 


Coefficient 
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6 

e 

2 

a 

3 

Subscripts 


Residual  or  variance 

Error 

Variance 

Partial  differential 
operator 


P 

R 

c 

i 


« 

3 


k 


1 


m 


n 


t 


ij 


Refers  to  pressure  or 
pressure  is  held  constant 

Refers  to  reduced  state 

Refers  to  critical  state 

Indicates  the  row  of  the 
matrix  in  which  the  ele¬ 
ment  lies  or  refers  to  the 
state  i 

Indicates  the  column  of 
the  matrix  in  which  the 
element  lies  or  refers  to 
the  state  j 

Value  of  the  property  at 
the  k^h  state  in  the  set 
of  experimental  data 

Value  of  the  property  at 
the  l^^1  state  in  the  set 
of  experimental  data 

Value  of  the  property  at 
the  mt^  state  in  the  set 
of  experimental  data  or 
refers  to  mixture  value 

Value  of  the  property  at 
the  nth  state  in  the  set 
of  experimental  data 

Refers  to  temperature  or 
temperature  is  held  con¬ 
stant 


Interaction  value 


)  - 


' 
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Superscripts 


-1 


Inverse  of  the  indicated 
matrix 


o 


Refers  to  vapor  phase 


' 


159 


REFERENCES 


1.  Amagat,  E.H.,  Ann.  Chim.  phys .  ,  (5)  19_,  384  (1880); 

Compt.  rend.,  127 ,  88  (1898). 

2.  Andrews,  T.,  Phil.  Trans.  Roy.  Soc .  (London),  159, 

575  (1898). 


3.  Baxter,  J.P.,  Burrage,  L.J.,  and  Tanner,  C.C.,  J. 

Soc.  Chem.  Ind.,  53_,  410T  (1934). 

4.  Beattie,  J.A.,  Proc.  Am.  Acad.  Arts  and  Sci.,  69 , 

389  (1934). 


5. 


6  . 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 


Beattie,  J.A.  and  Bridgeman,  O.C.,  J.  Am.  Chem.  Soc., 
49,  1665  (1927);  Proc.  Am.  Acad.  Arts  and  Sci., 
£3,  229  (1928) . 


Beattie,  J.A.,  Hadlock,  C.,  and  Pof f enberger ,  N., 
Jour.  Chem.  Phys.  3(2),  93  (1935). 


Beattie,  J.A.  and  Ikehara,  S.,  Proc.  Am.  Acad.  Arts 
and  Sci.  ,  64,  127  (1930)  . 

Beattie,  J.A.,  Su,  G.J.,  and  Simard,  G.L.,  J.  Am.  Chem. 
Soc. ,  61,  924  (1939) . 


Benedict,  M. ,  Webb,  G.B.,  and  Rubin,  L.C.,  J.  Chem. 
Phys. ,  8,  344  (1940) . 

Ibid. ,  1£,  747  (1942) . 

Benedict,  M. ,  Webb,  G.B.,  and  Rubin,  L.C.,  Chem.  Eng. 
Prog.  ,  47_,  419  (1951)  . 

Berthelot,  D.,  Trav.  Bur.  Int.  Poids  Mes.,  13_,  113 
(1907). 

Bird,  R.B.,  Spotz,  E.L.,  and  Hirschf elder ,  J.O.,  J. 
Chem.  Phys.,  £8,  1395  (1950). 

Brewer,  J.,  Rodewald,  N.,  and  Kurata,  F.,  A.I.Ch.E. 
Jour .  ,  1_,  13  (1961)  . 

Bridgeman,  O.C.,  J.  Am.  Chem.  Soc.,  49_,  1174  (1927). 
Brough,  H.W. ,  Ind.  Eng.  Chem.,  £3,  2422  (1961). 


' 


3  jdn  t<,  ,.0  .  .  '..X.  %  ji:  -  .3 


.  (CCD  «E-  .  ’X  .By  I  .TorfO 


. 

. 


* 

,  j  ,  .  ••  •'  •" 


160 


17.  Brown,  G.G.,  Souders,  M. ,  and  Smith,  R.L.,  Ibid, 

24,  513  (1932) . 

18.  Burnett,  E.S.,  J.  Appl.  Mech. ,  Trans.  ASME,  58 , 

A136  (1936). 

19.  Chao,  K.C.  and  Seader,  J.D.,  A.I.Ch.E.  Jour.,  7_, 

598  (1961) . 

20.  Clare,  R.T.,  M.Sc.  Thesis,  University  of  Alberta, 

1966  . 

21.  Cope,  J.Q.,  Lewis,  W.K.,  and  Weber,  H.C.,  Ind.  Eng. 

Chem.  ,  23_,  887  (1931)  . 

22.  Curl,  R.F.  and  Pitzer,  K.S.,  Ibid.,  50,  265  (1958). 


23.  Dalton,  J.,  Nicholson's  J.  of  Natural  Phil.,  _5,  241 

(1801);  Gilbert's  Ann.  Phys. ,  12_,  385  (1802); 

Ibid. ,  !L5,  1  (1803) . 

24.  David,  H.G.  and  Hamman,  S.D.,  "Proceedings  of  the 

Joint  Conference  on  Thermodynamic  and  Transport 
Properties  of  Fluids",  p.  74,  Institute  of 
Mechanical  Engineering,  1958. 

25.  Dieterici,  C.,  Ann.  Physik.,  6_9  ,  685  (1899). 

26.  Dodge,  B.F.,  Ind.  Eng.  Chem.,  24_,  1353  (1932). 

27.  Dodge,  B.F.,  "Chemical  Engineering  Thermodynamics", 

Chap.  V,  McGraw-Hill,  New  York,  1944. 

28.  Eakin,  B.E.,  and  Ellington,  R.T.,  "Thermodynamic  and 

Transport  Properties  of  Gases,  Liquids  and 
Solids",  p.  195,  McGraw-Hill,  New  York,  1959. 

29.  Euken,  A.  and  Parts,  A.,  Z.  physik,  Chem.,  B20,  184 

(1933) . 

30.  Forsythe,  G.E.,  J.  Soc .  Ind.  Appl.  Math.,  _5,  74  (1957). 

31.  Frttberg,  C.E.,  "Introduction  to  Numerical  Analysis", 

p.  142,  Addison-Wesley ,  Reading,  Mass.,  1965. 

32.  Gilliland,  E.R.  and  Scheeline,  H.W. ,  Ind.  Eng.  Chem., 

3_2  ,  48  (1940)  . 

Hadley,  G.,  "Linear  Programming",  Addison-Wesley, 
Reading,  Mass.,  1962. 


33. 


c  , ,  •  'jot,  .a.iio. >a  .dm  >o*rf  > 


.G2€i  v;:  W  * IliH-w  :^Oo  1  .q  %"»51Io3 


■ 


. 


161 


34.  Hainlen ,  A . ,  Ann.,  282,  229  (1894). 


35.  Hirschf elder ,  J.O.,  Curtiss,  C.F.,  and  Bird,  R.B., 

"Molecular  Theory  of  Gases  and  Liquids", 
p.  156,  Wiley,  New  York,  1954. 

35A.  Hoover,  A.E.,  Canfield,  F.B.,  Kobayashi,  R.,  and 

Leland,  T.W.,  Jr.,  J.  Chem.  Eng.  Data,  9_, 

568  (1964). 

36.  Hotelling,  H.,  Ann.  Math.  Statistics,  14_,  1  (1943). 

37.  Hougen,  O.A.,  Watson,  R.A.,  and  Ragatz ,  R.A., 

"Chemical  Process  Principles",  Part  II, 

C]iap .  14,  Wiley,  New  York,  1959  . 

38.  Joffee,  J.,  Ind .  Eng.  Chem.  39_,  837  (1947). 

39.  Kamerlingh,  Onnes ,  H. ,  Comm.  Phys.  Lab.  Leiden,  No. 

71  (1901)  . 

40.  Kay,  W.B.,  Ind.  Eng.  Chem.,  28,  1014  (1936). 


41.  Kay,  W.B.,  and  Brice,  D.B.,  Ibid.,  45_,  615  (1953). 

42.  Kay,  W.B.,  and  Rambosek,  G.M.,  Ibid.,  45,  221 

(1953), 

43.  Keyes,  F.G.,  Proc .  Am.  Acad.  Arts  and  Sci.,  6S_,  50  5 

(1933)  . 

44.  Kihara ,  T,,  J.  Phys,  Soc .  Japan,  !3,  265  (1948);  Ibid, 

6  ,  184  (1951)  . 

45.  Kihara,  T.,  Revs,  Modern  Phys,,  25_,  831  (1953), 

46.  Klemenc,  A,  and  Bankowski,  0.,  Z,  anorg ,  allgem. 

Chem. ,  208  ,  348  (1932)  . 


47,  Kohn,  J,P.  and  Kurata,  F.,  A.I.Ch.E.  Jour.,  211 

(1958)  . 

48,  Kuenen,  J.P.,  Phil,  Mag.,  (5)  ££,  229  (1895), 

49,  Kuenen,  J.P,  and  Robson,  W.G.,  Ibid,,  (6)  .3,  149 

(1902)  . 

50,  Lapidus ,  L.,  "Digital  Computation  for  Chemical  Engi¬ 

neers",  p.  241,  McGraw-Hill,  New  York,  1962. 


-  n.  _ _  — .  -I  ("n  w  -  I  .  L  I 


. 


'  ;  P  I  !  I  i  ...  •>»  .  ■  W 


' 


' 

. 


' 

■ 


162 


51.  Leland,  T.W.  and  Mueller,  W.H.,  “Applications  of  the 

Theory  of  Corresponding  States  to  Multi- 
component  Systems",  A.I.Ch.E.  meeting, 
Atlantic  City,  Mar.  17,  1959. 

52.  Lennard- Jones ,  J.E.,  Proc.  Roy.  Soc.  (London),  A106, 

463  (1924). 

53.  Leung,  P.K.,  Ph.D.  Thesis,  University  of  Alberta, 

1965. 

54.  Loomis,  A.G.,  and  Walters,  J.E.,  J.  Am.  Chem.  Soc., 

48,  2051  (1926) . 

55.  Lydersen,  A.L.,  Greenkorn,  R.A.,  and  Hougen,  O.A., 

"Generalized  Thermodynamic  Properties  of 
Pure  Fluids",  Univ.  of  Wisconsin  Eng.  Exp. 
Sta.  Rept.  £,  Oct.  1955. 

55A.  Madansky,  A.,  J.  Am.  Stat.  Assn.,  5j4,  173  (1959). 

56.  Martin,  J.J.  and  Hou,  C.Y.,  A.I.Ch.E.  Jour.,  ]L, 

142  (1955)  . 

57.  Mass,  0.  and  McIntosh,  D.,  J.  Am.  Chem.  Soc .  ,  36 , 

737  (1914). 


58.  Mayer,  J.E.,  J.  Chem.  Phys.,  5^,  67  (19  37);  Mayer, 

J.E.  and  Ackermann,  P.G.,  Ibid.,  74;  Mayer, 
J.E.  and  Harrison,  S.F.,  Ibid.,  £,  87,  101 
(1938) . 

59.  Maverick,  G.,  J.  Chim.  phys.,  2_7,  36  (1930). 

60.  Michels,  A.,  van  Straaten,  W. ,  and  Dawson,  J., 

Physica,  2£,  17  (1954) . 

61.  Opfell,  J.B.,  Pings,  C.J.,  and  Sage,  B.H.,  "Equations 

of  State  for  Hydrocarbons",  American  Petrol¬ 
eum  Institute,  New  York,  1959. 

/ 

62.  Opfell,  J.B.,  Sage,  B.H.,  and  Pitzer,  K.S.,  Ind.  Eng. 

Chem.  ,'48,  2069  (1956). 

63.  Opfell,  J.B.,  Schlinger,  W.G.,  and  Sage,  B.H.,  Ibid., 

£6,  1286  (1954)  . 

64.  Partington,  J.R.,  "An  Advanced  Treatise  on  Physical 

Chemistry",  Vol.  I.  Sec.  VII.  Longamns  Green 
&  Co.,  London,  1949. 


163 


65. 

Perry , 

J.H.,  "Chemical  Engineers'  Handbook",  3rd 
ed.,  p.  176,  McGraw-Hill,  New  York,  1950. 

66  . 

Phillips,  E.M.  and  Thodos,  G.,  Soc .  Pet.  Eng. 

Jour . ,  2  ,  83  (1962)  . 

67. 

Pitzer , 

K.S.  and  Hultgren,  G.O.,  J.  Am.  Chem.  Soc., 
80_.  4793  (1958)  . 

68. 

Pitzer , 

K.S.,  Lippman,  D.Z.,  Curl,  R.F.,  Huggins, 
C.M.,  and  Petersen,  D.E.,  Ibid.,  7 7r,  3433 
(1955)  . 

69. 

Porter , 

F. ,  Ibid. ,  48  ,  2055  (1926)  . 

70.  Prausnitz,  J.M.,  A.I.Ch.E.  Jour.,  5_,  3  (1959). 

71.  Prausnitz,  J.M.,  Edmister,  W.C.  and  Chao,  K.C., 

Ibid. ,  6,  214  (1960) . 


72.  Prausnitz,  J.M.,  and  Gunn,  R.D.,  Ibid,  A_,  430 

(1958)  . 

73.  Prausnitz,  J.M.  and  Myers,  A.L.,  Ibid,  9_,  5  (1963). 

74.  Raczuk,  T.W.N.,  M.Sc.  Thesis,  University  of  Alberta, 

1960  . 

75.  Reamer,  H.H.,  Sage,  B.H.,  and  Lacey,  W.N.,  Ind. 

Eng.  Chem.  ,  36_,  956  (1944). 

76  .  Ibid.  ,  4_2  ,  140  (1950)  . 

77.  Ibid.  ,  43_,  976  (1951)  . 

78.  Ibid.,  45_,  1805  (1953). 

79.  Reamer,  H.H.,  Selleck,  F.T.,  Sage,  B.H.,  and  Lacey, 

W.N.,  Ind.  Eng.  Chem.,  4J5,  1810  (1953). 

80.  Redlich,  0.  and  Kwong,  J.N.S.,  Chem.  Rev.,  4_4,  223 

(1949)  . 

81.  Reid,  R.C.  and  Sherwood,  T.K.,  "The  Properties  of 

Gases  and  Liquids",  2nd  dd . ,  p.  61,  McGraw- 
Hill,  New  York,  1966. 

Robinson,  D.B.,  Hughes,  R.E.,  and  Sandercock,  J.A.W., 
Can.  J.  Chem.  Eng.,  42,  143  (1964). 


82. 


.'c  '  ;J '  .  :  j-  '  >”  '  •  r<  ’ "  --  ' 


CUE  ,CV  ,.£>idl  ,.a.a  .nseusisa  bm  .  > 


^2PI)  t  ,J  .3rt).t  .t  ,  ->-.t  -ov 


% .  1 .  R 

m  .tt.L  »s^inexJB^ 


,  ad:  5  :>  v  i  ,  :t3  ,»i  -32-  *•  ' ;'  ::  '3 

.bni  ,  .M.«  .yaosJI  bn.  .  U  ®  »•''"•■*  *  "  \2 


.(xaei)  ate  ,e&  ,  ,Mdi 


v  ,.v  H  .1.9  13  3.H.  u  ,  »  o  :  '  fc 

teqoi*  9fiTM  %.X.T 

* 

. 


164 


83.  Robinson,  R.L.,  Jr.,  and  Jacoby,  R.H.,  Hydrocarb. 

Process.  Petrol.  Refiner,  4_4,  (4),  141 

(1965)  . 

84.  Rosenbrock,  H.H.  and  Storey,  C.,  ''Computational  Tech¬ 

niques  for  Chemical  Engineers",  p.  64, 
Pergamon,  London  1966. 

85.  Rowlinson,  J.S.,  "Encyclopedia  of  Physics",  S. 

Fltigge  (ed.),  Vol.  XII,  Springer-Verlag , 
Berlin,  1958. 

86.  Sage,  B.H.,  "Thermodynamics  of  Multicomponent  Sys¬ 

tems",  p.  18,  Reinhold,  New  York,  1965. 

87.  Sage,  B  H.  and  Lacey,  W.N.,  Trans.  Am.  Inst.  Min. 

Met.  Engrs.,  136 ,  136  (1940). 


88.  Sage,  B.H.,  Webster,  D.C.,  and  Lacey,  W.N.,  Ind. 

Eng.  Chem.  ,  29_,  658  (1937). 

89.  Sass,  A.,  Dodge,  B.F.,  and  Bretton,  R.H. ,  J.  Chem. 

Eng.  Data,  1J2,  168  (1967). 

90.  Schneider,  W.G.,  Can.  J.  Research,  27B ,  339  (1949). 


91.  Selleck,  F.T.,  Opfell,  J.B.,  and  Sage,  B.H.,  Ind, 

Eng.  Chem.,  £5,  1350  (1953). 

92.  Shah,  K.K.  and  Thodos,  G.,  Ibid.,  57_,  No.  3,  30 

(1965)  . 

93.  Simon,  R. ,  and  Briggs,  J.E.,  A.I.Ch.E.  Jour.,  10 , 

548  (1964) . 

94.  Smith,  L.B.  and  Keyes,  F.G.,  Proc.  Am.  Acad.  Arts  and 

Sci.  ,  6_9 ,  313  (1934)  . 

95.  Steckel,  F.,  Svensk.  Kern.  Tid .  ,  57_,  209  (1945). 

96.  Steele,  B.D.,  McIntosh,  D.,  and  Archibald,  E.H., 

Z.  physik.  Chem.,  5_5,  141  (1906). 

97.  Stewart,  W.E.,  Burkhardt,  S.F.,  and  Voo,  D.,  "Predic¬ 
tion  of  Pseudocritical  Constants  for  Mixtures", 
presented  at  the  A.I.Ch.E.  meeting,  Kansas 
City,  Mo . ,  May  18,  1959. 

Taylor,  H.S.  and  Glasstone,  S.,  "Treatise  on  Physical 
Chemistry",  Vol.  2,  Chap.  II,  Van  Nostrand, 

New  York,  1951. 


98. 


.  vrti^sn  .10  2.7  9^  .  ?.3900iq  . 


-rlos  :  IfinoidAduqmoD '  ,3  brIi5  -H-H  %rf90*<te*«ofl 

.5  ,  ’’  r  oxsYff*!  Ho  fixbsqo.r  c>Yon3  :*X  ,  ftoani-t  -  >fl 


.  e  -j1?!  y^"i6Y  wsW  ,  Mo/inie’  ,31  .q  y  *a«sd 


.  (e*6I)  9££  ,aT£  ^/foifioaefc  .Xj  .nsD  t.0.v;  , -idblenrioi: 


■ 


.<f3ei)  8*2 


.  acv i)  etc  ,ea  ,.ioa 


.ill  J,  .  V  !  ,  .  i  ,  >:  0  K 


3  J.  ■  >"■  .-T  ,dao  ft:  t  ,  r  .8  .  <  i  ?9ic 

(30' J)  I»I  ,c2  ,  .mariO  .utiayiiq  .0 

I,W  %d‘XBW9da 

■ 

.  '  i 

,  .  3  ^no^aaisl  bn  •  •  3.H 

.  xaei  ,^*xoy  W9H 


.  < 


165 


99. 

100. 

101. 

102. 

103. 

104. 

105. 

106. 

107. 

108. 

109. 


Tee,  L.S.,  Gotoh,  S.,  and  Stewart,  W.E.,  Ind.  Eng. 
Chem.  Fundamentals,  _5,  356  (1966);  Ibid., 

5,  363  (1966) . 

Tribus,  M.  ,  ,3Thermostatics  and  Thermodynamics”, 
p.  234,  Van  Nostrand,  Princeton,  1961. 

Ursell,  H.D.,  Proc .  Cambridge  Phil.  Soc . ,  Z3,  685 
(1927)  . 

van  der  Waals,  J.D.,  Doctoral  Dissertation,  Leiden, 
1873. 

van  der  Waals,  J.D.,  "Die  Continuit&t  des  gasf6rmigen 
und  fltissigen  Zustandes,  Barth,  Leipzig,  1899 
-  1900. 

Van  Ness,  H.C.,  A.I.Ch.E.  Jour.,  1.,  100  (1955). 

Van  Ness,  H.C.,  "Classical  Thermodynamics  of  Non- 
Electrolyte  Solutions",  Chap.  3,  Pergamon, 
London,  1964. 

West,  J.R.,  Chem.  Eng.  Prog.,  44_,  287  (1948). 

Wilson,  G.M. ,  "Vapor-Liquid  Equilibria  Correlation 

by  Means  of  a  Modified  Redlich-Kwong  Equation 
of  State",  presented  at  the  Cryogenic  Engin¬ 
eering  Conference,  Boulder,  Colo.  Aug.  19-21, 
1963  . 

Wright,  R.H.  and  Maass,  0.,  Can.  J.  Research,  _5,  442 
(1934). 

Yee,  E.G.,  Ph.D.  thesis.  University  of  Michigan,  Ann 
Arbor,  Mich.,  1936. 


,  . '  >.K  x  e <■ "3 A  fl. 

,nc.msi}^  ,£  ,q jf,0  .  “p.itOi  iu  '  Ori  9dY  ^ 


,  XS-6I  . puA  .c  O  ,  :x©bl  uotf  ,30f  9i  C  v > 


‘ 

'  v? 


APPENDIX  A 

COMPRESSIBILITY  DATA  CORRELATION 


A- 2 


This  appendix  includes  a  brief  description  of  the 
development  of  computer  programs,  sample  computer  programs, 
and  sample  outputs  for  the  following  equations  of  state: 

1.  Benedict-Webb-Rubin  Equation 

2.  Redlich-Kwong  Equation 

3.  Virial  Equation 


1 .  Benedict-Webb-Rubin  Equation 


The  BWR  equation  was  linearized  in  for  any  given 

value  of  y  in  the  form  of  Equation  (11-64).  Let  the  residual 
th 

An  at  the  n  data  point  be  defined  as: 


A  =  Z  -  Z 
n  nc  n 


(A-l ) 


where 


n 


=  the  experimental  value  of  the  compressibility 

th 

factor  at  the  n  data  point 


nc 


=  the  compressibility  factor  calculated  at  the 
th 

n  data  point  by  using  Equation  (11-64) 


Then , 


n 


=  (1  - 


Z  )  +  y  K.G. 
n  .  L  l  m 

i=l 


(A- 2) 


Summing  over  all  N  points  yields: 


N 


N 


N 


l  A 


n=l 


n 


I  (l-Z  )  +  l  K.  I 


G. 


n=l 


i=l 


n=l 


in 


(A-3) 


■ 


* 
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Using  the  method  of  least  squares,  Equation  (A-3)  gives  a  set 
of  seven  simultaneous  linear  equations  in  the  general  form  as 
follows : 


7  N 

y  y  K.G.  G  . 
i=l  nil  1  in 


N 

l 

n=l 


(Z  -1)G  . 
n  n  j 


(A-4) 


where  j  =  1,  2 ,  7. 


Equations  (A-4)  may  be  represented  more  concisely 
in  the  form 


A  x  =  c 

where 

A  =  7x7  matrix 

x  =  the  vector  to  be  evaluated 
c  =  the  known  vector 
The  solution  to  Equation  (A-5)  is 


(A- 5) 


x  =  A  ^c  (A- 6 ) 

The  matrix  A  ^  is  the  inverse  of  matrix  A;  the  inversion  may 
be  accomplished  by  the  direct  L-U  inversion  method.  If  the 
matrix  A  is  represented  by  the  triangular  matrices  L  and  U 


A  =  L  U 


(A- 7) 


Then 


(A-  8 ) 


It  is  easier  to  invert  a  triangular  matrix.  Let  P  be  the 
inverse  of  U,  then 


U  P 


I 


(A- 9) 


&  _>  .  -  i  -  8x.L- :2  ‘  v  Vr  1 


■ 
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Multiplying  the  U  and  P  matrices,  equating  the  results  to  the 
corresponding  coefficients  of  the  identity  matrix  I,  and  solv¬ 
ing  this  system  for  the  Pj_j's  leads  to  the  simple  set  of 
rules  for  obtaining  the  elements  of  the  inverse, 


p.  .  =  0 


j  —  1/2,  •••  7; 


li 


u.  . 

li 


i  =  1,2,  ...  7 


(A- 10 ) 


10 


u. .  r=l 

li 


u.  p  . 
irr  j 


j  =  2,3,  ...  7;  j  > i 


The  method  of  direct  inversion  is  susceptible  to  the 


defect  of  excessive  round-off  error.  Therefore,  to  get  a 
better  inversion  an  iterative  method  suggested  by  Hotelling 
may  be  used.  Let  be  the  initial  approximation  of  A  ^ 

and  C(o)  =  I  -  A  B(o),  then 


(36) 


A  B 


(o) 


=  I  -  C 


(o) 


or 


A'1  =  B(0)  (I  -  C'0*)'1 


B  (I  +  l  C  *0)  ) 

r=l 


=  B 


(o) 


r=l 


(  \9r"l 

(I  +  C(0)  )  (A- 11 ) 


ori  •  pn  v  qil  ulr 

"fi;’  - 


xi 
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Thus,  the  matrix  inversion  may  be  improved. 

The  constants  K^,  ,  ...  and  obtained  from  the 

set  of  Equations  (A-6)  only  give  a  minimum  sum  of  the  squares 
of  residuals  for  any  given  value  of  y.  Therefore,  it  is  neces¬ 
sary  to  further  minimize  the  sum  of  the  squares  of  residuals 
with  respect  to  y . 

Usually  several  trial  values  of  y  covering  a  wide 
range  are  assumed;  for  each  y,  the  seven  constants,  ,  deter¬ 
mined  from  the  set  of  simultaneous  equations  are  substituted 
in  Equation  (A-3)  to  evaluate  the  sum  of  the  squares  of  the 
residuals.  After  getting  a  rough  estimate  of  the  value  of  y 
for  which  a  minimum  sum  of  the  squares  of  the  residuals  exists, 
the  program  searches  for  a  better  value  of  y  till  a  difference 

in  the  value  of  two  successive  guesses  of  the  value  of  y  is 

—  8 

less  than  10  .  Program  number  1  of  this  appendix  evaluates 

the  eight  constants  of  the  BWR  equation.  At  the  end  of  this 
program,  the  results  of  the  correlation  for  the  mixture  con¬ 
taining  63,52  mole  percent  ethane  are  presented. 

The  main  line  program  was  modified  to  incorporate  the 
composition  dependence  of  the  constants.  Program  number  2 
includes  the  combination  rule 

2  2 

K  =  y  l  x .  x  .  K .  .  (A- 12 ) 

m  .  L ^ ,  i  i  13 

i=l  3=1  J  J 

except  for  y  for  which  the  combination  rule  used  is 


*  '  .  oo  j/  '  ,  (  v  n  ■  i 


- 


A- 6 


(A-13) 


Therefore,  21  constants  are  evaluated  for  the  entire  composi¬ 
tion  range  from  0  to  100  mole  percent  ethane  in  the  mixtures 
of  ethane  and  hydrogen  sulfide.  The  results  of  the  data-fit 
are  given  at  the  end  of  the  program. 


2 .  Redlich-Kwong  Equation 
a.  Rosenbrock's  Method 


A  generalized  program  based  on  the  method  described 


by  Rosenbrock  and  Storey 


(84) 


is  presented  here.  Let  Z,  the 


dependent  variable,  be  a  function  of  m  independent  variables 
X(x^,x2,  ...,  xm)  and  p  parameters  A(A^,A2,  .  ..,  A  ) .  A  set 

of  p  orthogonal  unit  vectors  v^ ,  v2 ,  ...,  v^  and  a  set  of  step 

lengths  e^,e2,  ...,  e^  are  stored  in  the  computer.  Using  the 
initial  estimates  of  A,  the  variance  6 ( Z ,  f(x,A))  is  evaluated 
After  this  evaluation  A  is  modified  to  a  new  value  A'  by  the 
equation 


A'  =  A  +  e^v^  (A- 14 ) 

If  the  variance  6(Z,f(x,A'))  is  less  than  the  previous 
value  of  variance,  the  parameters  A  are  replaced  by  A'  and 
step  length  e,  is  multiplied  by  3.  The  new  parameter  is  then 
calculated  by  using  the  equation 


A  ' 


A  +  e2v2 


(A-15) 


-A 


. 


■ 


■ 


•  t 
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However,  if  the  new  value  of  variance  is  greater  than  the 

previous  value,  the  step  is  considered  as  unsuccessful  and 

the  step  length  is  multiplied  by 

The  successive  changes  in  A  then  are  e-^v^,  e2v2'  ** 

e  v  ,  e,v..,  ....  This  process  is  continued  till  oscillations 
p  p  j.  j. 

occur.  That  is,  until  for  each  parameter  a  successful  step 

is  followed  by  an  unsuccessful  step. 

Let  a.  be  the  sum  of  all  the  e.  since  the  axes  were 
1  1 

(2 ) 

last  rotated,  then  v^  ,  the  unit  vector  parallel  to  a^  are 
computed  in  the  following  way 


a,  =  a,vn  ^  +  a~v0 ^  +  ...  +  a  v  ^ 

1  11  2  2  p  p 


a , 


a^v^  +  ...  +  a  v 

2  2  p  p 


o  • 


a 


P 


a  v  (1)  (A-16) 

P  P 


6 


1 


a 


1 


v 


1 


(2) 


3 


2 


a2Vl 


(2) 


(2) 


v 


2 


3 


2 


o 


(2) 


J  .  ■ 


v  b*.  L  ai  rttpns:  c  *  ; 
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a 


Pr1  ,  1  (2).  (2) 

)  (a  v.  ) v. 

i=l  p  1 


Here  6 


and 


(3i)  etc., 


a  '  v 


(A-17) 


(A- 18 ) 


(A-19 ) 


In  Equations  (A-16) ,  a,  is  the  vector  representing 

the  total  progress  made  since  the  axes  were  last  rotated,  and 
(2 ) 

is  a  unit  vector  parallel  to  a^.  If  the  current  point  is 

following  a  narrow  ridge,  both  the  initial  and  the  final 

points  will  be  on  the  spine  of  the  ridge,  so  that  (and 
(2 ) 

v^  )  will  be  parallel  to  the  ridge.  Thus,  the  direction  of 
the  first  axis  tends  to  align  itself  rapidly  with  the  ridge. 

In  the  same  way,  the  direction  of  the  second  axis  tends  to 
align  itself  in  the  best  available  direction  normal  to  the 
first,  and  so  on. 

A  normalization  subroutine  was  added  to  the  program 
so  that  parameter  values  which  may  be  of  different  orders  of 
magnitude  are  all  brought  in  the  same  range  of  magnitude. 
Program  number  3  utilizes  the  above  method  for  estimating  the 
parameters  of  the  Redlich-Kwong  equation  written  in  the  form 


.. 


, '  ;i  •rii  rfiiw  v.l  bxqfi'j  J  .  i£  )  J  ei  '.fi  -  ti’'.  0ri:‘ 


m  i 


■ 
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Z 


V 

V-R[j+6  (T-311.0Q 


R[ot  +  B  (T-311.0)] 

- i — ? -  (A-2  0 ) 

T  *  [v+R{y+6 (T-311.0) Q 

(The  sample  output  presented  is  for  the  mixture  containing  63.52 
percent  ethane) 

b .  Iterative  Method  Coupled  with  Analytical  Differentiation 
Equation  (11-14)  may  be  written  as 


V 


Z  = 


V  -  b  RT1*  5 (V+b) 


(A-21) 


If  volume  and  temperature  are  considered  as  the  independent 
variables  then  using  subscripts  i  and  j  equation  (A-21)  may 
be  written  in  a  form  similar  to  (A-2) 


V 


n 


=  (■ 


n 


V  -b 
n 


- - Z 

RT  *  (V  +b)  n 


(A-2  2 ) 


n 


n 


Summing  over  all  points  and  differentiating  with  respect  to 


the  parameter  a,  the  least  squares  theory  gives 


N 


3  l  A 


n=l 


n 


N  V 


da 


=  0  =  2(  l 


n 


N 

l 


1.5 


n=l  V  -b  n=l  RT  *  (V  +b) 
n  n  n 


N 


I  Z  )  (- 

L  n 
n=l 


N  1 

l  _ 

n=l  RT  1,5 (V  +b) 
n  n 


(A- 2 3 ) 


A-10 


Solving  for  a  yields 


N  V 


N 


1 


(V  +b) 
n 


(A-24 ) 


a 


N 


2 


I  (— rT - 

n=l  RT  (V  +b) 
n 


Thus,  assuming  a  value  of  b,  the  value  of  a  can  be 


calculated  by  using  the  realtionship  given  above.  An  itera¬ 
tive  technique  which  assumes  a  value  of  b,  calculates  a  from 
Equation  (A-24) ,  then  calculates  An  from  Equation  (A-22) , 
sums  up  the  squares  of  all  the  residuals  and  compares  this 
value  to  the  previous  value  to  look  for  a  minimum  is  used. 
After  evaluating  a  and  b  their  dependence  on  the  composition 
of  the  mixture  is  determined.  In  program  number  4  such  a 
method  has  been  used  for  the  Redlich-Kwong  equation.  The 
data  used  are  for  the  mixture  containing  63.52  mole  percent 
ethane. 

3 .  Virial  Equation 


The  virial  equation  may  be  fitted  directly  by 


writing  it  in  the  form  given  by  Equation  (A-2) .  Depending 
on  the  number  of  constants  fitted.  Equation  (A-2)  could  be 
modified.  Program  number  5  fits  the  equation  in  the  form 


. 


*<i  ..-A)  no  1b  ip3  (b*»t;*i:  eltiBlsaoo  lo  Z9dn  t/n  oi  l  10 

■ 
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where 


(Z-l)V  = 


c  c 

1  2 

C  +  — —  +  — — 

VB1  B2  °  T  T2 

(— — -  +  -4)  +  ( - - - - — ) 

T  T  V 


D..  D„  E..  Ep 

D  +  _£  +  _£  e  +  —  +  -4 

®  m  m  2  O  ,p  m  2 

+  ( - - L-)  +  - L- - L_)  (A- 2  5  ) 


V 


V' 


This  could  be  written  as 


Vr,(Zn_1) 

n  n 


12 

l 

i=l 


K.G. 
l  m 


(A-2  6 ) 


K1 

— 

B 

o 

• 

r 

Gi 

In 

— 

1 

K2 

= 

B1 

• 

r 

G0 

2n 

= 

1/T 

n 

K3 

= 

B2 

• 

/ 

G3n 

= 

2 

1/T 

n 

K4 

= 

c 

O 

• 

/ 

G4n 

= 

1/V 
/  n 

K5 

= 

1 - 1 

o 

• 

/ 

Gc 

5n 

— 

1/T  V 
n  n 

K6 

= 

C2 

• 

/ 

6n 

= 

1/T  2V 

K7 

= 

D 

o 

• 

r 

gt 

In 

= 

1/V  2 
n 

K8 

— 

Di 

• 

/ 

o 

00 

3 

= 

1/T  V 
n  n 

K9 

= 

D2 

• 

/ 

G9n 

= 

VTn2v 

o 

1 — 1 

= 

E 

o 

• 

f 

G10n 

= 

1/V  3 
n 

1 — 1 

1 — 1 

= 

E1 

• 

/ 

Glln 

= 

1/TV  3 
n 

K12 

— 

E2 

• 

• 

/ 

G12n 

= 

i/t2v 

n 

W.  °  ,  „  ,j£  ,  vU-» 


° 


' 


.IX 


U-  S)  V 


A- 12 


The  sample  output  for  this  program  is  presented  in 
program  number  5.  The  data  used  for  the  correlation  are  for 
the  correlation  is  for  the  mixture  containing  63.52  mole  per¬ 
cent  ethane.  The  results  of  data  fit  when  a  similar  12-constant 
equation  is  used  with  pressure  and  temperature  for  the  same  data 
are  presented  in  program  number  6. 

An  alternative  to  a  direct  data  correlation  by  a 
power  series  is  the  use  of  Forsythe  polynomials  and  then 

the  conversion  of  these  polynomials  in  a  series  of  a  form 
similar  to  the  virial  equation.  These  polynomials  may  be 
written  as 

PG(X)  =  1 

P-j_  (x)  =  (x  -  a1)  PQ  (x) 

P2  (x)  =  (x  -  a2)  P-L(x)  -  62Pq(x)  (A- 2  7 ) 


P  .  (x)  =  (x  -  a.)  P  .  ,  (x)  -  3  .P  •  9  (x) 

D  J  J  J  J  ^ 


where  a  .  and  3 .  are  defined  as 
J  J 


m 


l  x.P  (X.) 


a 


i=l 


m  0 

i  pj_22(xi) 

i=l  3 


and 


= 


m 

I 

i=l 


i  xipi_1(xi)p^ 


j-2  i 


m 


.1  Pi-2 


i=l 


(A-  2  8 ) 


' 
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Leung  has  extended  this  method  to  surface  fitting 
by  two  independent  variables.  The  approximating  function  may 
be  written  as 

n  m 

f(x,y)  =  l  l  A..  P.  (x)  Q.  (y)  (A-29) 

i=0  j=0  11  J 

where  n  and  m  are  the  highest  degree  of  the  polynomials  in  x 
and  y  respectively 0 

The  orthogonal  polynomials  P(x)  and  Q(y)  are  gener¬ 
ated  from  the  given  data  through  the  relationships  given 
below : 


At  y  = 

constant 

Po(x) 

= 

1 

P-L  (x) 

= 

(x  -  «1) 

Po(x) 

P2(x) 

*  ©  © 

•  o 

(x  -  a 2  ) 

e>  o  *  9 

P1(x)  -  62Pq(x) 

0  0  0  9 

(A-  30 ) 

Pi  (x) 

= 

(x  -  a i ) 

pi-l  (x)  -  ^^(x) 

:  constant 

Q0(y) 

= 

1 

Q1(.y) 

= 

(y  -  yx) 

Q0(y) 

Q2(y) 

= 

(y  -  y  2  > 

Ql(y)  "  62Qo(y) 

(A- 31) 

•  9  9 

Qj  (y) 

o  o 

0  9  0 

(y  -  Yj) 

Qj-1 (y)  -  6jQj-2(y) 

(  :)  Br  >  -  (tfjQ  <SV  -  v  '  '  :) 


<v>s-V  -  <t)x.t0  (tr  -  <> 


x-tw  \ 
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If  the  data  point  at  (x,  ,y  )  is  z,  ,  then  the  error 

.K  36  JC  36 


of  approximation  is 


'k£ 


=  zk£  -  f (xu ,v „ ) 


k £ 


(A-32 ) 


For  a  rectangular  network  with  u  and  v  number  of  points  along 
the  x  and  y  axes  respectively,  the  sum  of  the  square  of  errors 
becomes 


u  v 

l  l 

k=l  Jt=l 


'k£ 


u  v 

l  l 

k=l  i=l 


n  m 


zk*  -  .1.  J.  Aijpi(xk)Qj(y£> 

i=0  j=0  J  J 


(A- 33 ) 

Using  the  criterion  of  least  squares  and  the  property  of  ortho¬ 


gonality  of  the  polynomials,  the  coefficients  A^  can  be  cal¬ 
culated  to  be 


l  I  zk  MV  W 

A  =  k=1  £=1 

lj  U  V 


I  I  M(V  Q-;  <y£) 

:=1  £=1  1  K  11 


(A-34) 


The  constants  a,  3,  y,  and  6  are 


u 


I  xkPi_1  (xk) 

k=l 


a  .  =  - 

l  u 


1  Pi_2  ^xk^ 
k=l  1  z  K 


u 


3i  = 


,  E  xk  Pi-1  (xk}  Pi-2  (xk} 
k=l _ 

u  9 

l  Pi-2  (xk} 

k=l 


th  b  b.i  i  ,r  \  ^  *  3 ,  e,  ru&^anoo  arlT 
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v 


Ji  y£°j-l  (V 


V 


l  Q-j-2  (y£) 

1=1  3  z  36 


(A-35) 


6  . 
5 


v 


SL 


^  y£Qj-l(y£>  Qj-2(V 


V 

I 

£=1 


^  °j-2  <y£> 


A  rectangular  grid  of  points  is  used  in  the  program. 
The  interpolated  data  for  the  mixture  containing  63.52  mole 
percent  ethane  were  used  as  the  sample  data.  A  sample  program 
for  data  fitting  using  Forsythe  polynomials  is  presented  in 
program  number  7.  The  procedure  for  converting  these  poly¬ 
nomials  to  a  power  series  form  is  also  included  in  the  same 
program. 

A  scheme  for  the  Lagrangian  interpolation  is  pre¬ 
sented  in  program  number  8.  This  scheme  utilizes  a  third 
degree  polynomial  fit  to  four  successive  points,  the  point  at 
which  the  interpolation  is  being  performed  generally  falls 
between  the  second  and  the  third  point.  The  formula  used  for 
evaluating  the  function  value  P(x)  at  point  x  is  represented 
by  the  ecruation 

4 

P(x)  l  L,  (x)  v,  (A- 36 ) 

k=l  k 

(x-xn  )  (x-x9)  (x-x-J  (x-x.) 

Lk(x)  =  - ± - - - - - - - 

(xk_xl) (xk-X2>  (xk"X3)  <xk_x4) 


where 


rt  r  rf'+ '  V19CT 
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-vloc  oasrfa  prii^evnoo  *cr  awbsoo'  ,q  *  r:c  •  ”<**" 
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PROGRAM  L  IS  TJ  N  G 


PROGRAM  TITLE 

PAGE 

NC  . 

NO. 

1 

u«K  EG  CAT  I  UN  (8  CONSTANTS! 

r^- 

r*T 

1 

< 

2 

BWR  EOLATION  (23  CONSTANTS) 

A-  3  1 

REDO  ICH-KWGNG  ECLAT  I  ON  (USING  ROSENBROCK ' S 

METHOD) 

A-5  5 

A 

REDL  IlH-kNUNG  EQLATIUN  (LSINb  SEMI -ANALYTI CAL 

METHOD ) 

A-o5 

5 

v i r i a l  eolation  (in  terms  oe  volume) 

A- 71 

6 

VIRIAL  EOLATION  (IN  TERMS  OF  PRESSURE) 

A-  79 

7 

FCRSYThE  POLYNOMIALS 

A-  8  3 

8 

L  AGRANG I  AN  INTERPOLATION 

A- 9  6 

j 

C 

C 

c 

THE  PROGRAMS  LISTEo  FERE  WERE  SHIFTED  15  COLUMNS 
RIGHT  ON  A  COMPUTER  CARD.  THEREFORE,  THE  COMMENT 

TO  THE 
SYMBOL 

C  • C •  IS  PLACED  IN  COLUMN  16.  ALSU  THE  CONTINUATION  NUM- 

C  BER  IS  P  LAC  Eu  IN  COLUMN  21. 

C 


,  [  - 


l  I  C  I  J  M-  ' 1  1 


JAM 

.1 

Y1-- 

<fC-A 

CC  ~f‘ 

n-  a 

•  -  ■ 


iJU  I 


l  ,  ii,  c  i  ,  I  A..  .  . 

UT,  ■  TZrt  iJ  £ST)  >u'a 

-  ...  '  1 

l  jJh  T  )>' 


M  J  j  M 
.  J/l 


i  <  J  -  i  -  O.  i  CC  )  .  \  <.  ■  K  i  ■ 

I  .1  r .  1  J 

i  j  v  ■  J  «:  -  •  >  •  >  1  1  1  J  Iki  l  V 

(  <  '  C  1  '  T  _JJf>  1  -- '  lSJ 

<i  JA  1  J/Y  JJM  JH1Y  <£Hj* 

. 

,,  i  T  A  j  u  H  *  J  T  n  1  t  MdnA'^U 


\ 


T  ,  .  ,  i  J i\ i  i  J  c  Aac  11 


, 


n  ->  ->  o 
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£ _ 

C  SAMPLE  PROGRAM  NUMBER  1 

C 

C . . . CGNIRQL . CARDS .  . . . . . . . . . . . . . .  .... 

C 

C  THIS  IS  A  PRGGkAM  HUH  SOLVING  A  SET  UP  LINEAR  ALGEBRAIC 

0 _ EQUATIONS,  THESE  EQUATIONS  ARE  GENERATED  FOR  THE  CkiTE- 

C  RICH  UP  LEAST  SQUARE B .  A  MATRIX  IS  FORMED  IN  THE  MAIN- 

C  LINE  PROGRAM.  THIS  MATRIX  IS  PARTITIONED  INTO  UPPER  AND 

LOWER  MATRICES  AN O  THE  I  >i V  E R or  Ur  Tnt  « ATRIX  ,A«  IS 
C  DETERMINED.  THE  VALUE  Or  THl  UNKNOWN  VARIABLES  IS  CAL- 

0  CULATEO  AND  a  CHECK  OF  THE  SCLUTION  IS  MADE  BY  RESUBSTI- 

£ _ TUTINo  THE  VALUE  OF  THESE  VARIABLES  INTO  THE  EQUATIONS. 

C  IF  AN  IMFROVEMENI  IN  THE  INVERSION  OF  THE  MATklX  IS  RE- 

C  QUIRED,  THE  SUBROUTINE  FOR  IMPROVED  INVERSION  IS  USED. 

£ _ _ _ < _ _ _ _ _ _ _ _ _ _ _ _ _ 

REAL  2 ( 7 CC  )  ,  P A ( 700 ) »  T(70C),  XCOMP {  700 i  ,  FCTwO(8) 

DOUBLE  PRECISION  A127.27),  0(2 7,27),  U(27,27),  P(27,27) 
_ 1,  w  ( 2  7 , 2  7  ) i  DE ( 7CC  ) ,  b(27),  X(  27),  DP,  EA _ 

DOUBLE  PRLL ISIGN  XCN E  ,  XTkE,  XFOR,  XSIX,  XSEV 
INTEGER  N,  NuUT,  ITER,  MM 

£ _ Ll.-^ _ Ll—: _ _ _ _ _ _ _ _ 

C  THIS  IS  THE  MAINLINE  PROGRAM  FOR  EVALUATING  THE  CONST- 

C  ANTS  OF  THE  BENEDICT -WEBB— RUBIN  EQUATION. 

£ 

C  INPUT  LATA  REACIN 

C 

£_ _ N  = . I\L.  LF  CONSTANTS  TO  BE  EVALUATED 

C  NOUT  =  I  (UUPPRtSSES  CERTAIN  PRINTOUT 1 

C  ITER  =  1  (SUBROUTINE  FOR  INVERSION  IMPROVEMENT  NUT  USED) 

C_ MM  =  NO.  CF  POINTS  USEC  FOR  CORRELATION  OF  DATA 

C 

REAL  (5,501  )  N»  NOLT,  ITER,  MM 

501  FORMAT  14 141 
R  =  1 C  •  7  135 

A  ivi  =  M  M 

_ DC  11  1  =  1, MM _ 

C 

C  PRES  AND  PAU)  ARE  PRESSURES  IN  PSI 

C  TEMP  IS  TEMPERATURE  IN  CEGRElU  CENTIGRADE 

C  T(I)  IS  TEMPERATURE  IN  DEGREES  RANKINE 

C  COMP  IS  CUMPRESSI BIL  I  I Y  FACTOR 

C _ DE (  I )  IS  DENSITY  CALCULATED  AT  POINT  I _ 

C 

REAL  (5,502)  TEMP,  PRES,  CCMP 

502  FORMAT (  8X,  F7.2,  oX  ,  F8.2>  31X,  F8.5) 

T(  I)  =  L.osM  1  cMP+2  7  3.16) 

PA( I )=PRES 

_ 2(1 ) =CGMP _ 

DE (  1 )=PRES/  ( DUMP *10. 7335 *T (  I  )  ) 

II  CONTINUE 
_  SESIN^IOCOOOOO. 
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1  C  it-  t  1  K  t  i  )  v.t  .  >1  J 
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II  ♦  t  I  (  ,  ,  ♦  C  ) 

i  *  * 
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c  ll  -  l  I  )  A  I 
i  J-  l  i  i  A 

It.  .  I  Jl  j)\<  n  -  l  )Jo 

JU.  i  1  AuO 

.  c  -C  i-  -  I  C  JC 


II 


C-  C  c.  (C  C  C  C  o  c 


A  - 1  8 


C 


C 

c 

c 

GAM  =  A  CONSTANT  OF  ThE  BW  R  EQUATION 

CGAM  =  AN  INCREMENT  IN  GAM 

503 

40C 

R  E  A  i,  (  5,503  )  CAM,  CGAM 

FORMAT (1X,F15.8>  F12.9) 

G  A  M  =  G  A  M f CGAM 

c 

c 

. c 

GENERATE  THE  MATRIX  *A« 

DC  15  1=1, N 

B (  I  )=0.0 

CO  16  J=1,N 

16 

15 

A  (  I  ,  J  )  —  0  •  0 

CONTINUE 

CONTINUE 

I F ( GAN • L  E • 0  •  0 )  GO  TO  100 

DO  20  1=1, MM 

Lu  =  b t{  1  )  *  D  £ (  i) 

f v  =  / (  n-i  .o 

G ( 1 J =  —  0  E (  I  )/ ( R*T i I  ) ) *10. 0**4 

G(2)=U£(  I) 

G( 3)=-0E(I  )/(R*T( I )**3)* 10. 0**10 

G(4)=-UD/(R*T(1  )  )  *10. 0**4 

Gl 5 ) =  D  D 

G ( 6  )=  DO*CD*DE  U  )  / ( R *T { 1 )  ) * 1 0 . 0**4 

EA=GAM*QC 

IF( LA.GT  .50.0)  EA=50.0 

G(7 )=0D* ( 1.0  +  EA)*EXP(-EA)/ (R*T(  I ) **3 ) *  10 . 0** 10 

DO  25  J=  1 ,  N 

B ( J )  =  6 ( J  )  +  F Y*G ( J ) 

25 

CONTINUE 

DO  27  K  =  1 , N 

DO  2  8  L=  1 , N 

28 

27 

A(K,L)=A(K,L)+G(K)*G(L) 

CONTINUE 
lONT  INUE 

r 

20 

CONTINUE 

c 

SOLUTION  OF  LINEAR  EQUATIONS  BY  MATRIX  INVERSION 

c 

505 

WRITE  ( 6 , 5  C  5  ) 

FORMAT t ihC  ,  23X  ,  14h  MATRIX  A(I,J)) 

c 

5C4 

WRITE (  6, 504)  ((A(I,J),  J=1,NJ,  I  =  1,N) 

FORMAi  ( 1  HO ,  I  1 5  X  ,  4015. 6)  ) 

c 

c 

c 

fac  is  a  factor  introduced  to  control  overflow  and 
underflow 

FAC= 10 • 0**5 

DO  2  1  =  1, N 

DO  1  J=  1 ,  N 

I  -A 
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.«  i J  t  JliviU 

. 

•1*1=  1  S  U.I 


A  - 1  9 


1 

2 

h  \  i  ,  -j  /  —  mv  i  ,  u  hv. 

CONTINUE 

CCNT INUE 

CALL  P  a  K  T  N  (  A  ,  D,  U,  N ) 

306 

IF(NOUr.EQ.l)  GC  TC  200 

WRITE  ( 6 , 5  C6 ) 

FORMATllHO,  2  5  X ♦  14H  MAIkIX  L(I,J)) 

307 

WRITE  (6,304)  (  (  D  <  I  ,  J  )  ,  J=1,N),  1  =  1,  N) 

WR I T  E ( 6  t  507 ) 

FCPMATilHO,  25 X ,  14H  MATRIX  C(I,J)) 

C 

200 

WRITE  l  6 , 504 )  UU(I,J),  J=  1 ,  N  )  ,  1  =  1, N) 

C  C  N  T  INUE 

C 

r 

DETERMINATION  OF  INVERSE  MATRICES 

CAlL  INVER! D,  U,  P,  G,  N,  NOUT) 

DO  7  C  1  =  1, N 

DC  6  9  J=1,N 

DA  1  ,  J)=Q.Q,>. 

60 

DC  66  K=  1 ,  N 

D(1,J)  =  U(I,J)  +  PU,K)*C(K,J)*FAC 

CCNTINDE 

69 

7  C 

CQNT  INUE 

CONTINUE 

WRI TE16. 512  ) 

.  c 

512 

FORMAT ( 1H0 ,  25X,  18H  INVERSE  OF  A ( I , J ) i 

WRITE  ( 6 , 5C  4  )  (  l  0  (  I  »  J  )  »  J=  1  »N  )  ♦  I=1,N) 

c 

c 

CHECK  OF  INVERSION 

* 

CO  73  I  =  1 »  N 

DO  72  J=1,N 

U(  I  ,  J)=0.0 

DO  71  K=1,N 

71 

72 

U(I,J)  =  U(  I,J)+A(I,K)*D(K»J)/FAC 

CON  I  INUE 

CONTINUE 

73 

513 

CONTINUE 

WRiTE(6,513) 

FORMAT ( 1  HO ,  25X,  19h  CHECK  OF  INVERSION  ) 

WRITE  (6,304)  ( ( U( I , J)  ,  J=l  ,N) ,  1=1, N) 

CALL  IMPKO(A,  D,  U,  P,  0,  N»  ITER) 

DC  91  I  =  1 ,  N 

X (  I  )  =0 . 0 

DC  90  J=  1 ,  N 

XI  1  )  =  X( I )+D(  1 , J ) *B( J  ) 

90 

91 

CONTINUE 

CUNT  INUE 

WRITE (6, 515) 

515 

FORMAT ( 1H0 ,  25X,  loH  FINAL  AULUTIONS  ) 

XCN E  =  X  (  1  )  *  10  .0**4 

X T R  E  =  X ( 3 )  *10 .0**10 
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_ XFCR=X(4)*10.Q**4 _ _  _  _ 

ASiX=X(6)*10.0**4 
XSEV=X(7 )*1C.C*#10 
w  R  I  T  t  (  6  6  C  1  }  XCNE 
WKI  T£U*6C2>  X  (  2  ) 

W  R 1 T  E  (  o  »  603 )  XTRE 

_ WRITE(6ffcC4)  XFCR _ 

WRITE(o,605>  X  (  5  ) 

WRITE(6,cC6)  XSIX 
miTEt 6w6C7)  x  EE  V 

601  FORMAT  tlHO ,  19X,  1  AG  =*  ,  E16.8) 

602  FORMAT ( lh  ,  19X,  1 30  =•  ,  E16.8) 

6 C 2  FORMAT ( 1 H  ,  19X,  'CO  =  »  t  E  16. 8) _ 

604  FORMAT ( 1H  ,  19X,  *AI  =  '  ,  E16.8) 

605  FORMAT ( 1 H  ,  19X,  ’81  =•  ,  E16.8) 

606  FORMAT (1H  ,  19X,  »Al*AlPHA  =»»  E16.8) 

607  FORMAT (1H  «  19X,  ’Cl  =  *  ,  E16.8) 

ALPHA  =  X { 6 ) / X { 4  ) 

_ ftRlT£(6,518)  ALPHA _ 

518  FORMAT { 1 H  ,  19X,  7HALPHA  =  ,  E16.8) 

WRITE  (6,521)  GAM 

521  FORMAT ( 1H  ,  19X>  7HGAMMA  =  ,  £16.8) 

C 

C  CHECK  OF  SOLUTIONS 

£ _ 

WRI T E ( o  ,  53 1  ) 

531  FORMAT {  lhO , 1 8X  ,  7HP ( PS  I  A ) , 3 X , 9HT ( OEG. R . ) , 5X , 1 HZ , 7X , 7HZ ( C 
1AL. ) ,6X,4F)DEV. t  5X,  [%  DEV. ' ) 

SE-0.0 

SP=C.O 

_ SES-0  .  Q _  _ _  _ 

DC  92  1=1, MM 
DD  =  C£ (  I  ) *DE ( l ) 

EA*GAM*PQ  __  _ _ __ _ _ _ 

IF ( EA.GT .50. )  E A— 5  0 • 0 

W=1  .0-X0NE*DE(  1  )  /  (R*T  (  I  )  )  +  X(2  )*DE(  I)-XTRE*PEm  /  (R*T(  I ) 

_ 1**3)-XFJR*PD/(R*T<  1  )  )+X(5)  *DL)  +  XSIX*PP*UD*PE<  I)/(R*T(  I  )  ) 

2+XSEV*PU*( 1.00+£A)*EXP(-EA)/(R*T(I)**3) 

ER  =  ABS ( ft-Z (  I  )  ) 

ERSQ^ERSER 
CEV-ER/Zl 11*100. 

S  E  =  S  E  +  LR 

_ SP=SP+DEV _ 

SES  =  S  ES  +  EKSv* 

WR 1 TE (  6 , 535  )  PA(1),  T(I),  Z(ii,  w,  ER,  DEV 
535  FORMAT  1 1H  ,  Lb  A,  2F10.2,  3FII.5,  F10.4) 

92  CONTINUE 
SER=SE/AM 

_ SPK  =  SP/ AM _ 

WR  1  T  E (  6 , 537 )  SER,  SPK 

537  FORMAT (  1H0 ,  15X,  11HAVE.  DEV.  =,  F1C.5,  5X,  17HAVE.  PER 
1C.  PEV.  =  ,  F10.5) 
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538 

vv  r\  i  i  _  %  f  >  ^  vj  /  >->  o 

FORMAT ( 1H  ,  1 5X  »  14HERRCR 

SCUARE  =  ,  E16.6J 

I  F  (  SE$il\.LT  .GESJ  GC  TO 

„SESJLN=£E5l . . .  .  . 

105 

GG  TC  400 

10  5 

SESIi\i  =  SES 

DDG  AM  =  AtlG  l  Db  AM  ) 

IF (ODGAM.LT .0.0000001 j 
DGAM=-0G AM/3.0 

GO  TG  4Q.C  ... 

GO 

TO  100 

ICO 

CONTINUE 

STOP 
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_ SUBROUTINE  PARTMA,  C,  U,  i\ ) 

C 

u  DETERMINATION  GE  L-U  MATRICES 


UOUuL  i_  PRECISION  A(27,27),  0(27,27), 
INTEGER  N 

UG  31  I  =  I  ,  N _  _ 

DC  30  J=  I , N 
D  (  I  »  J  )  =  0  *0 
U (  I  ,  J)=0.0 

30  CONTINUE 

31  CCNT1NUE 

D  (  1 , 1  )  =  1  . 0 _ _ 

ud,n=A(i,i) 

00  32  J=  2 , N 

U(  1 ,  J )  =  A l 1 , J ) 

B  (  J  »  1  )  -  A  l  J  ,  1)/U(1,1) 

32  CONTINUE 

DO  34  K= 2 , N _ 

K A  =  K-  1 
K8=K+  1 
DC  3  7  J  —  K  ,  i\ 

UC  K  ,  J ) =A l K , J ) 

DC  3fc  1=1, KA 

_ U(K,j)-U(ft,J)-u(K,  l  )  *  U  (  I  ,  J  ) 

36  CONTINUE 

37  CONTINUE 
OIK »K 1=1*0 
DC  3d  L=KB  *  N 
0  (  I  ,  K  )  =  A  (  I  ,  K  ) 

DO  40  J=1,KA _ 

C( I  ,K)=Q(  I  ,K)-U( J,K) *D(I , J) 

AC  CONTINUE 

D(  I  ,  R ) =u i  i,K)/L(K,K) 

38  CONTINUE 
34  CONTINUE 

RETURN 


U  (  2  7 , 2  7  ) 
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SUBROUTINE  INVERiD,  U,  P,  0,  N ,  NUUT ) 

c 

r- 

u 

INVERSION  OF  L-U  MATRICES 

DOUBL  E  ?5icTsT0N  D  (  2  7 , 2  / )  ,  U{27,27),  P(2T,27),  0101*271 

INTEGER  N ,  ROUT 

DO  46  1=1. N 

A  5 
4  6 

DC  45  J=  1 ,  N 

Pi  I  ,  J  J  =  Q.C 

aU^.JJ.=..Q...a.Q . . . . . 

C G i\ T  IN U E 

CONTINUE 

DO  50  1=1, N 

50 

P  (  i  ,  I  )  =1  ,0/Ul 1,1) 

CONTINUE 

DO . 52  J=  2,  N  . . . . . _ . . . . . .  .  ......  . . . . . .  ..........  . .  ...  „ 

JA=J-1 

DO  54  K  =  1 »  J  A 

I  =  J  -  K 

5o 

I  A  =  I  +  1 

DO  5c  I  R  =  I  A  »  J 

£lLtAi=2±X . i..vl.l±U.iI ,  1 R J l*£  i I R , M  _  . 

CONTINUE 

Pi  I  ,  j) =-P( I , j) /U( I , I ) 

54 

CQNT I NUE 

52 

CONTINUE 

60 

DC  60  I=1,N 

Q  (1 » 11^1  aQ/D  ( I.1 1  .„  ...„  . 

CONTINUE 

DO  66  1=2, N 

I A= I - 1 

62 

DO  64  K=l,  IA 

J  =  I  -K 

LU  62  1R  =  J  # 1 A 

Q(  1  ,  J  )  —  Q  t  I  ,  J  )  ♦  0  (  I  y  I R  )  ( I R  ,  «J ) 

CONTINUE 

Q( I , J)=-C(  l,J)/U(I,i) 

64 
6  6 

CONTINUE 

CONTINUE 

IF  INCUT • Eu. 1)  CC  TO  201 

WRITE  (6,510) 

510 

FORMAT ( 1H0 »  10a,  18H  INVERSE  OF  U(I,J)  ) 

WRITE  {6,  5  04)  (  (  P  t  I  ,  J  )  ,  J  =  1  ,  iM  )  ,  1=1  ,N) 

504 

FORMAT* IX,  4 ( 2  X ,  E15.8)  ) 
wRITEi 6, 511 ) 

511 

FQRMAT( 1H0,  IPX,  ldH  INVERSE  OF  L( I, J)  ) 

WRITE  (6,504 )  ( ( Q( 1 , J ) , J=1  ,N)  ,  1=1 yN) 

20  1 

CONTINUE 

RETURN 

END 
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_ SUbRUUTINE  IMPROCA ,  u,  U,  Pt  g,  N.  ITER) 

C 

C  IMPROVEMENT  OF  INVERSION  dY  THE  METHOD  OF  HOTELLING 

C_ _ _ _ _ _ _  ' 

DGObLE  PRECISION  A(27,27),  0(27,27),  U(27,27),  P(27,27) 
1 ,  G  <  2  7 »  2  7  ) 

_ INTEGER  Nt  ITER  _ 

IF ( ITER.EQ.il  GO  1G  99 
FAC=10.0**5 
CO  74  1*1, N 
80  13  J  =  1 ,  N 
U  ( I  ,  Jl=-U<  I  ,  J) 

73  CONTINUE _ 

U  {  I  ,  1  )  =  1  .G  +  U (1,1) 

74  CONTINUE 

0 0  77  I  =  1 ,  N 
CO  76  j=  1,N 
P(  I  ,  J)=0.0 

_ DO  7  5  K=  1 ,  N _ _ _ 

P(I,JI=P(I,J)+U(I,K)*U(K,J) 

75  CONTINUE 
_ _  76  CONTINUE 

77  CONTINUE 

CO  76  1  =  1, N 

_ u ( i , I  )  =  i  .o+u(  i ,  n _ 

78  CONTINUE 

DO  81  I  =  1 ,  N 
DO  80  J= 1 « N 
3(I,J)=0.0 
DO  79  K= 1  ,  N 

_ w  (  I  ,  J  )  =  U  (  I  , J ) +U (  I  ,  K  )  (  K  ,  J  ) _ _ _ 

79  CONTINUE 
8C  CONTINUE 
81  CONTINUE 

DO  04  1=1, N 
DO  83  J=  1 ,  N 

_ D  (  1  ,J)  =  '^  » 0 _ _ _ _ 

DO  82  K=1,N 

D  I i »J)=D(I ,J}+P(I,K)*P(K»J) 

62  CONTINUE 

83  CONTINUE 

84  CONTINUE 

_ DO  o5  1=1, N  _ 

PI  I , I )  =  1  .0  +  P(  1,1) 

Dl I  , 1 i  =  1  .0  +  U (  1,1) 

85  CONTI NUE 

CO  88  1=1, N 
DC  87  J  =  1 ,  N 

_ U  ( I  , J ) =0  .0 _ 

CO  66  K=  1  ,  N 

U( I , J )=U( I  ,  J) +P( 1 ,K) *D(K, J  ) 

86  CONTINUE 
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87 

CONTINUE 

88 

CONTINUE 

DO  95  1=1, N 

CO . 94  J  =  1  ,  N  ...  _ 

D( I » J)=0  .0 

DO  93  K=  1 ,  N 

D ( I ,J)=D(  I , J)+C(  1 , K ) *U ( K  ,  J  ) 

93 

94 

CONTINUE 

CONT INUE 

514 

VsK  1  Tl  (  6  ,  514  ) 

FORMAT (  1 HC  ,  10X,  29H  IMPROVED  INVERSION  OF  A (  I , J )  ) 

WRITE  (6,504)  I  (O(IiJ)t  J  =  1  ,±J  ,  I  =  1 ,  N  ) 

504 

FORMAT (IX,  4 ( 2  X ,  E15.6)) 

WRITE  (6,513) 

. . . .  5JLX 

FORMAT ( 1H0 «  1CX,  I9h  CHECK  uF  INVERSION  ) 

DO  9  8  I  =  1 , N 

DO  97  J= 1 , N 

U (  I «  J ) =Q  .  Q  ^ 

. _ SLGl 

97 

98 

DO  96  K=  1 ,  N 

U(  I  y  J  )  =  U (  1  *  J ) +A( I»K)*D(K»J)/FAC 

CONTINUE _ _ _ ___ _ .... _ _ _ _ _ 

CONTINUE 

CONTINUE 

WRITE (6,504)  (iUiltJ),  J=l.Ni,  1=1, N) 

99 

CONTINUE 

RETURN 

END  .  . .  .  . . .  . 
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DATA  C ARCS  FOR  INPUT 

FIRST  lAkl  CONTAINS:  N,  NOUTt  1TEK,  MM 

THESE  iHCULo  BE  PUNCHED  IN  A  A  1  A  FIELD  (RIGHT  HAND 

JUSTIFIED) 

SECOND  CARD  TO  CARD  NO.  ( MM+1  ) .  ENTER  THE  DATA  IN  THESE 
CARDS  ACduRDING  TC  -FuRMAT  502- 

CARU  Nu.(MF+2)  CONTAINS  INITIAL  UUESSES  OF  GAMMA  AND 
INITIAL  STEP  SUE  FOR  GAM MA  ACCORDING  TO  -FORMAT  503- 


-  . 
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c 

c 

SAMPLE 

OUTPUT 

iVATR  IX 

At  I  ,  J  ) 

Q .  533434.J 

i  C2 

-0 . 3  5  7  A  390 

'  02 

C. 1390 30L 

)  03 

0 .4250730 

i  02 

-C  .2826970 

02  - 

•G.2716A6U 

02 

-0.5868310 

02 

-0. 3574390 

02 

C  .2408390 

02  - 

■0.9220220 

02 

-0.2826970 

02 

0 . 1889840 

02 

C.  17  792  70 

02 . 

0.39C191l 

C2 

C. 139Q300 

03 

-C. 9220220 

02 _ 

0.3693220 

03 

C. 1123300 

03 

-C. 7399750 

02 

-0. 7378450 

02 

-0.  1  5  5  1 2  80 

03 

0. A250  730 

02 

-0.2826970 

02 

0.1123300 

03 

0 . 3572400 

02  - 

0.2361910 

C  2 

-0.2425340 

02 

-0.4762590 

02 

-0.2826970 

02 

0. 18898AD 

02 

-0.7399750 

02 

-0.2361910 

02 

0 . 1  369 1  AO 

02 

0.1582360 

02 

0.3148070 

02 

-0.2716460 

02 

C.  1779270 

02  - 

0.7678450 

02 

-Q. 24253 aO 

02 

0. 1582360 

02 

0.1838890 

02 

0. 303C53D 

C2 

-0.5868310 

02 

0. 3901910 

02 

-0. 1551280 

03  - 

0.4762590 

C2 

0.31A8C7D 

02 

0.3030530 

02 

Q  -.  6  6  7  1  C  60  . 

02v 

I N  V  fc  K S  E  OF  A (  1 t  J ) 


0. 1013210 

OA 

0.9637920  03 

-C.141685D  03 

-0.6573470  02 

-G. 2013 780 

C  2 

-0.3522/10  02 

-0.2332810  02 

0.9637920  03 

0.9369220 

03 

-0.  128  7760  03 

-0.917044D  02 

-0.7706460  02 

-0.2695C3D 

02 

-C.165CA70  02 

-0.1416850  03 

-0 • 128776D  03 

0.2179600 

02 

0.4513S8U  Cl 

-0.1121950  02 

0 . 823447D  01 

0.6145670 

01 

-Q .65734 70  02 

-Q. 9. 17 04 40  C  2 

.0.4513980.  01 

0.6063340 

03 

0.5541600  03 

0. 1562550  03 

0.1057830  0.3 

-0.2013780 

02 

- 0 . 77C646D  02 

-0.112195D  02 

0.5541600  03 

0.5628910 

03 

0.1193270  03 

C. 7706000  02 

-0.3522710  02 

-C.  2695030 

02 

0.8234470  01 

0. 1562550  03 

0.1193270  03 

C.  5298330 

02 

0.3652510  C2 

-0.2332810  02 

-0.1650470  02 

C  .  614  5  6  70 

01 

0.105 7830  03 

0.7706000  02 

0.3662510  02 

C  .260C22D 

02 

OHECK 

CF  INVERSION 

1 

C. 100Q0GO 

01 

-0 .3865350-11 

-0.6821210-12 

-0.1637090-10 

C. 1364240- 

1C 

0.7332800-11 

0.5570660-11 

-0.7958080-1 2 

0.  ICOOOOO 

01 

0 . 8  IOC  190- 12 

0.7275960-11 

0.5115910-12 

-0.5613810- 

11 

-0.2667950-11 

-0.6991740-11 

0.4320100-11 

C. 1CCOCOO 

01 

- C • 209184b- 1C 

C. 2819430-10 

0.2182790-10 

0.  1369930- 

1C 

-0.4661160-11 

C. 5456970-11 

-0. 5684340-12 

C. ICOOOOO 

01 

0.4604320-11 

0 .6934900-1  1 

0 • 352429D- 1 1 

C. 1080020- 

11 

-G. 3581140-11 

0.5293540-12 

0.  1061600-10 

C  .  lOOOCOu 

01 

-0.4888530-11 

-0.3581140-11 

0.5115910-12 

C.  1 53 A  7  70- 

11 

0.1072920-11 

0.1136870-12 

-0.8242300-11 

C. ICOOOOO 

01 

-0.3012700-11 

-0. 1949730-10 

-0. 3603870-10 

C . 5968560- 

11 

-0.5456970-11 

-0.2546590-10 

-0. 1193710-10 

C.1COCCOO  01 
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e  I  >M  A  L  SOLUTIONS 

49  £  Q.14527629E  05 
B Q  =  0.875066306  0 0 
LO  =  0  .  19134029 E  1G 
A 1  =  0  . 1 4 196492E  C5 

B 1  =  C.2C828793E  CC 
A 1*  ALPH  A  =  C  .96042148E  04 
Cl  =  C  .  h  6  C  7  9  3  d  6  E  1C 


ALPHA  = 

0 .67632G29E 

d': 

GAMMA  = 

0 .221C7o2GE 

01 

P  (  PS  1  A ) 

TiLEG.R.  ) 

L 

Z10AL. 1 

DEV  . 

%  DEV. 

69.33 

581 .69 

0  •  96699 

0.97320 

0.00621 

0.6422 

117.82 

581.69 

0.94339 

C. 95390 

0.00551 

0.5805 

167.20 

581.69 

0. 92850 

0.93  36  8 

0.00518 

0.5584 

2  1  o  •  8  6 

581.69 

0 . 90840 

0.91279 

0.00439 

0.4835 

266. 69 

581.69 

C  .  8  8  7  5  8 

0.89119 

0.00362 

0.4073 

316. 55 

581.69 

0 • 66538 

0.86876 

0.00338 

0.3906 

366.47 

581 . 69 

C. 84228 

0.84544 

0.00316 

0.3749 

394.23 

581.69 

C. 82128 

0.83248 

0.00120 

0.  1441 

419.22 

581 .69 

0.81901 

0.82017 

0.00116 

0.1421 

468. 79 

581.69 

0.79392 

0. 79493 

0.00101 

0.12  71 

518. 44 

581.69 

0 .7o  762 

0. 76837 

0.00075 

0.0981 

568.17 

581.69 

0.73987 

0.74027 

0.00040 

0.0542 

617.94 

561  .69 

0.71037 

0.71033 

0.00004 

0.0054 

717.57 

561.69 

0.64346 

0.64268 

0.00078 

0.1217 

817.27 

581.o9 

0.56010 

0.55821 

0.00189 

0. 3380 

916.95 

581 .69 

0.43569 

0.43182 

0.00387 

0.8883 

1016.65 

5  8 1  .69 

C. 2  7988 

0.2775  7 

0.00231 

0.8268 

1216.71 

581.69 

0. 27C68 

0. 27324 

0.00256 

0 • 94  56 

1416. 83 

581.69 

0.29382 

•  0.29564 

0.00182 

0.6196 

1616.95 

581.69 

0. 32086 

0.32177 

0.0009  1 

0.2845 

1817.  11 

5d 1 . o  9 

C. 34937 

0. 34855 

0.00082 

0.2336 

2017.24 

581 .69 

0.37802 

0.37662 

0.00140 

0.3703 

^517.60 

581.69 

0.^5035 

0 . 44588 

0.00447 

0.9929 

3C18.01 

581.69 

0.52116 

0.51873 

0.00243 

0.4666 

3518. 4C 

581 .69 

0.59149 

0.58914 

0.00235 

0.3968 

4018.87 

581 .o9 

0.66122 

0.65704 

0.00418 

0.6327 

4519. 3C 

581 .69 

G. 72804 

0.73481 

0.0 06 77 

0.9300 

5019.80 

581.69 

0.79618 

0.80038 

0.00420 

0.5277 

93.81 

62  6 . 6  9 

0 . 9o^+9 8 

0 . 9  7 1 3h 

0.00636 

0.6586 

118. 21 

626.69 

C. 95782 

0.96373 

0.00591 

0.61 73 

167.55 

62o.69 

0.94239 

0.94812 

0.00573 

0.6081 

217.20 

626.o9 

0.92691 

0.93213 

0.00522 

0. 5628 

267.00 

62o  .  o9 

0.91092 

0.91575 

0 .00483 

0.5306 

316.90 

o2o  .69 

0.89462 

0. 89901 

0.00439 

0.4905 

366 . 81 

626.69 

0.87764 

0 . 88  185 

0.00421 

0.4799 

416.75 

626. 69 

0.86073 

0.86435 

0.00362 

0.4202 

469.20 

626.69 

0.84451 

0.84585 

0.00134 

0.1584 
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P  (  PS  1  A  ) 

T ( DEG.R.  J 

Z 

l  ( CAL.  ) 

U  E  V  . 

X  DEV. 

518. 84 

626.69 

0.82641 

0.82753 

0.00112 

0.1354 

568 . 56 

626.69 

0.80798 

0.80872 

0 . 0  0  G  7  4 

0.09  15 

618.31 

62  6 . o  9 

0.78897 

0.78936 

0.00039 

0.0488 

717.93 

626 • o  9 

0.74921 

0. 74881 

0.0004C 

0.0537 

817.66 

626.69 

0. 7C085 

0.70553 

0 .00132 

0. 1866 

917.47 

626.69 

0.66159 

0.65918 

0.00241 

0.3649 

1C17. 30 

626.69 

0.61278 

0.60937 

0.0C341 

0.5571 

1217.04 

62  6  .  o 9 

0.50857 

0.50379 

0.00478 

0.9407 

1416.95 

626.69 

0.42786 

0.42589 

0.00197 

0.4599 

1 6 1 6 . 98 

626.69 

0.40278 

0.40505 

0 . 00  227 

0.5639 

1817.10 

626 .69 

0.40741 

0.41144 

0.00403 

0.9897 

2017.21 

626.69 

0.42329 

0.42715 

0.00386 

0.9126 

2517. 54 

626.69 

0.47798 

0.48037 

0.00239 

0. 5008 

3017.94 

626.69 

0.53992 

0.53912 

0.00080 

0.1486 

3518.32 

62o  .  6  9 

0.60250 

G. 602  18 

0.00032 

0.0532 

4C18. 77 

626.69 

0 • 66587 

0 • 66463 

0.0C124 

0.1865 

4519.  19 

626 .69 

0.72845 

0.72900 

0.00055 

0.0758 

5C19 . 69 

626. 69 

0.79126 

0.79097 

0.00029 

0.0363 

93 . 86 

671.69 

0.97096 

0.97711 

0.00615 

0.6337 

118.22 

671.69 

0.96553 

C. 97110 

0 .0U557 

0.5773 

1 6  7 . 44 

671.69 

0.95360 

0.95884 

0.00524 

0.5491 

217.06 

671.69 

0.94128 

0.94631 

0.00503 

0.5347 

266 . 84 

671 .69 

C. 92930 

0.93363 

0.00433 

0.4657 

316.69 

671.69 

0.91689 

0.92075 

0. 00386 

0.4215 

366 . 60 

671.69 

0.90439 

0.90/71 

0 .00332 

0.3675 

416.53 

671.69 

0.89172 

0.89450 

0.00278 

0.3123 

466.46 

6/1.69 

0.87885 

0.88112 

0.00227 

0.2588 

519. 17 

671.69 

0.86541 

0 • 86686 

0 .00145 

0. 1675 

568. 87 

671.o9 

0.85205 

0.85316 

0.00111 

0. 1303 

618.61 

071.69 

0.83844 

0.83926 

0.00082 

0.0974 

718.25 

671.69 

0.81C73 

C . 81086 

0.00013 

0.0164 

817.97 

671.69 

0.78229 

0. 78171 

0.00058 

0.0738 

917.76 

6  71 . o  9 

0. 75320 

0. 75187 

0.00133 

0.1768 
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P IPSI A) 

1 i LbU. R .  ) 

L 

L ( CAL .  ) 

DEV. 

%  DEV. 

416.31 

716.69 

0.91452 

0.91630 

0.001 78 

0.  1941 

466.45 

716.69 

0. 90489 

C. 90600 

0.00111 

0.  1222 

516.41 

716. o9 

0.89519 

0. 89364 

0.C0045 

0.0503 

569.31 

7  1  6  .  o  9 

0.88300 

C. 88440 

0.00140 

0.1587 

619.04 

716.69 

0.872  76 

0.87392 

0.00116 

C.  1325 

718.66 

716.69 

0.85230 

0.85280 

0.00050 

0.0584 

818.36 

716.09 

0.83148 

0.63148 

0.00000 

0.0006 

918.14 

7  1  6  .  o  9 

0.61078 

0.81011 

C. 00067 

0.0821 

1017.98 

71o.69 

0.79006 

0.78875 

0.00131 

0.1655 

1217.73 

716.69 

0.74903 

0. 74662 

0.00241 

0.3216 

1417.63 

7  1  o  .  6  9 

0.70991 

0 .  7n66  6 

0.00323 

0 • 4549 

1617.59 

716.69 

0.67490 

C. 67126 

0.00364 

0.5389 

1817.03 

716.69 

0.64389 

0.64279 

0.003  10 

0.4803 

2017.68 

710.69 

3.62483 

0.62316 

0.00167 

0.2680 

2517.88 

71o.o9 

0.60949 

O.oll47 

0.00198 

0.3241 

3018.21 

716.09 

0.62945 

0.63346 

0.00401 

0.6368 

3518. 55 

716.69 

0 .66682 

C. 67010 

0.00328 

0.4923 

4018.98 

716.69 

0.71233 

0.71292 

0.00059 

0.0824 

4519.39 

716.69 

0. 76017 

0.76074 

0.00057 

0  •  0 7  4t> 

5019.87 

716.65 

0.61086 

0.80929 

0.00157 

0.1931 

A  V  E  •  DEV.  — 

0.00266 

AVE.  PERC 

.  DtV.  = 

C  .037919 

ERROR  SQUARE 

=  0. 109933E-02 
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_C _ _ _ 

C  SAMPLE  PROGRAM  NUMBER  2 

C 

. C . . . CCNTROL  CARDS . . . _ . ________ . . 

C 

C  THIS  PROGRAM  Is  SIMILAR  TO  PROGRAM  NUMBER  1.  T  HE  REFORE  , 

_C _ ONLY  THE  MAINLINE  PROGRAM  IS  GIVEN.  THE  SUBROUTINES 

C  USED  ARE  THE  SAME  AS  IN  PROGRAM  NUMBER  1.  AN  EGUATIUN 

C  wlTH  23  CONSTANTS  IS  TRIED  FOR  DATA  CORRELATION.  THE 

C  LATA  REACIN  MKt  IN  DIFFERENT  FORMATS*  HtRE  THE  OUTPUT 

C  STATEMENTS  A RE  FCk  CCMPLETE  OUTPUT.  THE  SAMPLE  OUTPUT, 

C  HOWEVER,  DOES  NUT  INCLUDE  ALL  THE  PRINTOUT. 

_£ _ 

C  ALL  LATA 

C 

REAL  iJJQjat Jti  P  A  (  7  Q  0  )  ,  T(700J,  XCUMPt  7CO)  ,  FCTwOI  8) 
uUUdLE  PRECISION  A ( 2 7 y 2 7 ) »  0(  27,27),  U(27,27),  P(27,27) 
1,  Q 1 2  7 , 2  7 )  ,DE(  700),  B(27),  G(27),  X(  2 7),  DO,  EA 
_ Q.Q.U..BJL.E _ PRECIS  I  CN _ XCNE,XTwC,XTkE«XSEV  ,XEIT  ,XNIN,XTEN, _ 

1XELV,XTWL ,XSXN,XSVN,XETN,XNTN,XTTY,XTON 
INTEGER  N,  NuUT,  ITER,  MM 

JC _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ 

C  DATA  REACIN 

C 

_ READ (  3 1  3  91) _ N_» _ NLLLLt _ I  T E R _ 

591  FORMAT (3  14) 

C 

C  FCTMQfKl  IS  r H t  MOLE  FRACTION  ETHANE  IN  THl  MIXTURE  R 

C 

READ(5,592) (FCThO(K)  ,  K-1,6) 

592  FORMA T (6F1Q.4) _ 

R= 1 C  .  7335 
MM  =  0 

DO  14  K -  1 ,  o 
I  J  =  0 

_C _ 

C  KMM  IS  THE  NUMBER  OF  DATA  POINTS  FOR  EACH  MIXTURE 

C 

READ  15 1 593 )  KMM 
5  93  FORMAT  1 141 

7  IF(K.Eu.l)  GO  TO  8 

_ _ IKK. Eg, 6)  GO  TO  9 _ 

REAl.(5,5  94)  TEMP,  PRES,  COMP 

594  FORMAT (  8X,  P7.2,  6X  ,  F8.2,  31X,  F8.5) 

T  t  n=q  i  *  8,*  IT  E  MP *2  7 3  «• -1  1 

Ou  TO  II 

8  REAL( 5,^95)  TcMP,  PRES,  COMP 

595  FORMAT (3  FI  0.4) _ _  _ 

GO  TO  10 

9  k  E  A  D  { 5,396)  TEMP,  PRES,  COMP 

596  FORMA  T ( 1 X ,  3F15.8) 
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i  1U=Tli'H+4'J.;.c9 


1 1 

PA l  I  )  =  PRES 

XCOMP ( 1  )=FuTwC(K) 

Z ( I ) =CCM  P 

DE  (I)  =PAU  J  /  (  Z(  I  1  *10 .7335*T  (  I  )  ) 

I  J=I  J  +  l 

1  =  1  +  1 

I  F (  I J  .  EO  .KMM )  GO  TO  12 

GO  TO  7 

12 

M  M  =  iv  M  +KM.M _ 

14  CONTINUE 
A  M  =  M  M 


C _ 

C  GENERATE  THE  MATRIX  'A* 

C 

00  1 5  1  =  1, N 
8(1 >=0.0 
CU  16  J  =  1 »  N 

_ A( ltJ)=0»Q  v _ 

16  CONTINUE 
15  CONTINUE 
6AH1*2.5 
GAM2=1 .0152 
UC  20  1=1, MM 

_ CD  =  u  E (  I) *Db (  I  ) _ _ 

F Y=  Z (  I >-1.0 

XSQ  =  XCOMP<  I ) *XCCM  P (  I  ) 

X K  E  =  (  l.Q-XCQMPC  I  )  JpMe2 
XSK=(1.0-XCCMP(  I  )  |*XCONP<  I  )*2.0 
C 

_C  Li  NE  A  R  SQUARE  R  CO  T  MIXING  Rul  E_  FOR  THE  CONSTANT  GAMMA 

C  THIS  LINEARIZES  THE  EGOATICNS 

C 

GAH=( XCOMP (  I  )*SQ*T (GAMl)-M  l.C-XCUMPl  I  ) )*SQRT(GAM2) )**2 
6A«GAM*00 

I  F ( EA.GT  .50.01  EA=5G.O 

_ Gil )  =  -XSu*L)E(  I  )  *1Q.Q**4/(R*TU )  ) _ 

G ( 2 )  =  -XR  E*uE ( I )*10.0**4/(R*T( I )) 

G(3)=-XSR*DE(  I)*10.0**4/(R*T(  I)  ) 

G(4)=XSQ»0E(  I  ) 

G  (  5)=XRE*DE  {  I  ) 

G(  6)  =xSR*Jl  (  I  ) 

_ G(7)=-XSg*PE(I)*10.0**10/(R»T( I )**3) _ 

G< al=-XRE*UE(  I  1*10  .0**  10/  (  R*T  (  1  )**3) 

G(9)=-XSR*UE( I )  *10 .0**10/ ( R*T ( I )  **3  ) 

G ( 1C ) --XSQ*DD* 10 .0**4/ (R*T  (  1  )) 

GUI  }J*-‘XRE*00*10«0*3*t4/  (Rn(I)I 
b{ 12 )=-XSR*GQ*I0.0**4/  (R#T  (  I  )  ) 

_ G ( 13 )=XSQ*OG _ 

G  (  14)=XRE*GD 
C( 1 5 ) =XSR*lG 

_  G( 16)=  XSQ*OP*OD*CE( 1) *10 . 0**4/ ( R*T ( I ) ) 
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G ( 17)=  XKE»DU»Du*Dt(  I i *10.C**4/ t  k*T( I  )  ) 


G  (  1  8  )  =  XSR*UL)*uD*DE(  I  ) *10. 0**4/ (R*T(  I  )  ) 

b(  19 )=XSU*DD*( 1 .0+EA) *EXP( -EA) *10.0**10/ (R*T (I  ) **3) 

G(20)=XRE*UD*(  1  .0  +  EA  )  *EXP  (  -EA)  *10.0**10/  (R*T(  I  )**3) 

G { 2 1 )=XSR*DD*( 1 .0  +  EA ) *EXP ( -EA) *10.0**10/ (R*T ( I )**3) 

DO  25  J=1,N 
b(  J)^d(JKHY»u(J) 

25 

CONTINUE 

DO  2  7  K=  1 , N 

DO  28  L=  1 , N 

28 

2  7 

A(K,L)=A(K,L)+GtK)*G(D 

CONTINUE 

CONTINUE 

r 

2  C 

CONTINUE 

. .  u 

SOLUTION  CE  LINEAR  LOCATIONS  6Y  MATRIX  INVERSION 

c 

8C  8 

WRITE  (6,505) 

FORMAT ( 1HC,25X .  14H  MATRIX  At  I  ,  J  )  ) 

5  04 

WRITE (6, 504)  {(A(1,J),  J=1,N),  I  =  1,N) 

FORMAT ( 1 hO ,  (15X,  4E15.6)) 

FAC  =  1 0 . 0  **5 

DO  2  1=1, N 

DO  1  J=1  ,N 

A( 1  ,  J)=A<  I , J)*FAC 

1 

c 

CONTINUE 

CONTINUE 

CALL  PARTNi A,  D,  U,  N) 

508 

IF(NCUT.EQ.l)  GO  TO  2C0 

WRITE  (6,506) 

FORMAT  (  1H0  ,  25X,  14h  RATKIX L  (  I  ,  J  )  J 

507 

WRITE  (6,804)  (iD(I,J),  J=1,N),  1=1, N) 

WRI TE (6, 5C7  ) 

FORMAT ( 1H0 ,  25X,  14h  RATklX  U(I,J)) 

c 

200 

WRITE  (6,504)  ((U(I,J),  J=1,N),  1=1, N) 

CONT I  Nut 

c 

r 

DETERMINATION  OF  INVERSE  MATRICES 

CALL  INVERtD,  U,  P ,  u,  N,  NCUT ) 

DO  7 C  1  =  1, N 

CO  6S  J  =  1  ,  N 

0( I , J ) =0  .0 

68 

DC  68  K=  1 »  N 

D ( I , J )  =  D ( I , J )  +  P ( I , K ) *U ( K , J ) * FAC 

CONTINUE 

6  9 

7  C 

CONTINUE 

CUNT INUE 

WRITE(6,512) 

512 

FORMAT ( 1H0 ,  25X,  18H  INVERSE  OF  A(I,J)) 

WRITE  (6,504)  ( ( 0 ( I , J J  ,  J= 1  ,  N )  ,  1  =  1, N) 
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L  CHECK  OF  IK VERSION 

C 

as  73  i  ~  i  > i . 

DO  72  J=  1 ,  N 
U ( I »  J ) =0 . 0 

_ 00  71  K=1,N _ _ _ _ 

U(I,J)=Ull,J)+A(I,K)*D(K,J)/FAC 
71  CONTINUE 

_ J2  COM 1 1 NUE 

7  3  CON T i  s UE 

wRITE(o»313) 

513  FORMAT { I  HO ,  25X,  19H  CHECK  OF  INVERSION  )  _ 

*RITE  16,504)  (<U( I, J)  ,J=1  ,N)  ,  1=1, Ni 

WRITE  1  7,504)  { ( U (  I  ,  J  )  ,J=1,N)  ,  1=1, N) 

Call  IMPRQCAy  U,  0,  P,  0,  !\ ,  ITER) 

DO  91  I  =  1 »  N 
X  (  I  >  =  0  •  0 

_ DO  90  J-  1 ,  N _ 

x  n  )  =  x(i  )+o(  i ,  j ) *b < j ) 

90  CONTINUE 

91  iCNTlNUE 
WRITE (6*5 151 

515  FORMAT  I  1  HO ,  25X,  16H  FINAL  SOLUTIONS  ) 

_ XON  E  =  X ( 1 )*10.0**4 _ 

XT  w 0  =  X ( 2 )*10 .0**4 
X  T  R  E  =  X ( j ) *10. 0**4 
XSE V  =  X ( 7 i *  1 C . 0  **  1 C 
XEIT=X(8)*1G. 04*10 
XNIN=X(9 i *10.0**10 

_ XT  EN=  X (  1C) *10. 0**4 

X  EL  V  =X (  1 1 ) *1 0 . G**4 
XT  WL=X ( 12) *10. 0**4 
_____  XS  XN=  X*  161*10.0  *  *  4 
X  S  VN  =  X (  17) *10. 0**4 
XE  T  N=  X (  18) *10. 0**4 

_ XN T N  =  X  1  19)  *10.0**10 _ _  _ _ _ 

XT  TY=X( 20) *10.0**10 
X  T  G  N  =  X  ( 21 ) *10.0**10 

WRITE  16,5 16)  XGNE,  XTWU,  XTRE,  XT  4 ) ,  X{3),  X(6),  XSEV, 
1 X  t  i  r »  xNIiv,  XTEN,  XELV,  XTWL,  X(13),  X(14),  X(15), 

2  XS  XN ,  XSVN,  XETN ,  XNTN ,  XTTY,  XTUN 
316  FURMATi 1H 0 , 15X, ' AC1=» ,£15. 8,2X,  ’AQ2  = * , E15 . 6,2X , 1 A012= * 
IjEIS.E/ISX^BOI^ »£15.8,2X»* B02  =  * , El  5 . 8 , 2X , • BO 12  = « , 
2L15.8/15X,'C01=,»E15.8,2X, '002=* , E 15 . 8 , 2X , • 0012= • , 

3J 18 .6/  I5x  ,  •  All  =  *  ,E15  .d  ,  2 A  ,  1  A  12=’  ,  E15 .6 ,2X,  *  A  112=  •  , 
M.I5.8/15x,'bll=,,E15.6,2X,'bl2=,,L13.8,2X,<6ll2=’, 
5E15.8/15X, 8Ha1ALPH1= ,E15. 8 ,2X, 8HA1ALPH2= ,E 15 .8 ,2X, 

_ 69HA1ALPH12=  ,E15  ._8_, /15X,  4hC  1 1=  ,  E  15 . 8, 2X,  4H0  1 2  =  ,  F  15 .8  , 

72X,5FC112=,E15 .8) 

ALPHA1=X (16) /X( 1C) 

_ _ ALPhA2=X(  17  )  /  X  (  11  ) 
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_ ALPH12  =X< 18)/X{ 12) _ _ 

RRITE(6,51d)  ALPHA1,  A  L  PH  A  2  >  ALPH12 
518  FORMAT ( 1H  , 1 5X , 7HALPHA  1= ,  E15.8,  2X,  7HALP HA 2=  »  E15.b, 

_ JLZAjl . 7HAjJ3Hj2^^ . . . . __ . . . . _ . . _ 

C 

C  CHECK  OF  SOLUTIONS 

£ _ 

WRITE! 6,531  ) 

531  FORMAT { 1 HO , 1 8X , 7HP ( P S I A ) »  3X ♦ 9HT { DEG.R. ) , 5X, 1HZ »  7X ♦ 7HZ ( C 
L al  .  i  i  6 x  »  ^  JtV  .  *  ) 

S  E  =  0 . 0 
SP=0.0 

_ S ES=C  «_C _ _ _ 

LO  9  2  I  -  1 » M M 
X  SU  =  XCGMP (  I )  *  X  C  G  M  P  (  I  ) 

XRE~41aQ~XCQMP  C  I  )  1**2 
a  Sk - ( 1 . O-XCGMPl I ) >*XCCMP { I  1*2.0 
DD  =  UE (  i  ) *Ut (  i  ) 

_ GAM=(XCGivP(  I  )»SUkT (GAMI  )  + (  l.O-XCOMP(I)  )*SuRT(GAM2)  )**2 

EA=G AM*UC 

I F { EA .GT  ,50.  )  EA=  5C . 0 
Gl.UE--X.Sfi-^.OEl.i  1 )  1 

G42)=-XR£*DEi 1 1*10 . 0**4/ (R*T< I ) ) 

G  (  3  )=-XSR*DE  (  I  )*10.0**4/(R*T<1) ) 

GL41.=.XGg*DE(  1) 

G( 5 )=XRt*DE{  I  ) 

G{6)=XSR*UE  (  I  I 

_  C  l  7)=-XSQ*DE(  Li,*1.0„,»,.Q.**.lQ/ 1 BMJU  J-**3.l 

G4 8>^~XR£*DE( I >*10.0**10/ 4R*1 ( I )**3) 

G(9 ) =-XSR*DE( I >*10.0**10/ ( R*T( 1 )**3) 

_ G4 10)=-XSU*UC*10.0**4/ (R*T ( 1  i  > _ 

G  (  1 1  )=-XRE*DG*10.C**4/ (R*T ( I ) ) 

G ( 12 ) =-XSR*U 0*10. 0**4/  i  R*T  (  I  )  ) 

. . .  fil  13>=XSQ*[  Q 

G( 14 )-XR£*OD 
G ( 15 )=XSR*bG 

_ G  (  1  fa  )  =  XSG*OU*CU*CE( 1 ) *10. 0**4/ ( R*T (I)  ) _ 

G( 17)=  XRE*DD*UD*D£( I )* 10. 0**4/ ( R*T ( I ) ) 

G  (  1  8  )  =  XSK*Du*CD*CE( I ) *10 . 0**4/ ( R*T ( I ) ) 

G( 19  )=XSQ*DD* C1.0+EA)*EXP(-EA)*10.Q**lQ/(R*TtI >**3> 

G(20 )=XR E*D0*4 1 .0+EA  >  *EXP ( -EA) *10. 0**10/ (R*T( I >  * * 3  > 

G( 21 )  =  X  S  R  *  DU  * ( 1.0+EA )* EXP < -EA) *10.0**10/ <R*T 4 I ) **3) 
_ W  =  O.Q _ 

CG  95  J JK= 1 »  21 
w  =  w  +  X l JJK ) *G( J JK ) 

_ 95  CONTINUE 

N=W+1.0 

ER  =  AB  S ( to-Z  (  1  )  ) 

_ ERSU  =  ER*tR _ 

CEV=ER/Z I I )*100. 

SE=  S  t  +  ER 
$P=SP+DEV 
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SlS=SCS+ERSC 


533 

<92 

WRI T£(o,  535)  PA{  I  )  ,  T(  I  )  ,  Z (I  )  , 
FORMAT ( 1H  ,  1 5  X  »  2F10.2,  3F11.5, 
CCW T INUE 

W»  E  R »  DEV 

F10.4) 

SER  =  SE/AIV 

SPR-3P/ AM 
rtklTE(c»537)  SEk, 

SPk 

537 

FORMAT (1HO,  1 5  X , 

1C.  DEV.  =  ,  F10.5) 
vnRI  f  E  (  6  »  53  8  )  SES 

ILhAVE.  DEV.  =, 

F10.5,  5X  f  17HAVE.  PER 

536 

IOC 

FORMAT ( 1H  ,  1  5  X  t 
CONTINUE 

STOP 

14HEKRCR  SwUARt 

—  »  E  1 6  •  6  ) 

END 
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c 

c 

SAMPLE 

0  l  T  PUT 

PATR IX 

A  (  I  »  J  ) 

C.834979J 

i  02 

3  .  1  10982i 

3  02 

0.2669010  02 

-0 .55236  78 

)  02 

-0. 7425/40 

01 

-0.1788080 

02 

0.2250000 

03 

0.2900920 

02 

0.69591  ID 

02 

0.6299220 

02 

G. 9852660 

01 

0.2171470 

02 

-0 . 4  126820 

02 

-0.6537500 

01 

-0.1443490 

02 

-0.3390320 

02  . . __ 

-0 . 903  o3  50 

01 

-0. 1539010 

02 
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B 1 1 =  Q. 33353 COoD  01  B12=  C. 870634490  PC  6112=  0.250849040  01 

A1ALPH1=  0.187676830  05  A1ALPH2=  0.203529460  04  A1ALPH12= 

C.  59659  82  3D  04 

C 1 1 =  C.54193e9^j  1J  ^12=  0. 270434 72D  10  C112=  0. 694386670  10 
A  L  PH  A 1 «  0.758776786  00  ALPHA 2=  0.36C91477L  30 
A  L  PH  1 2  =  0.255197946  00 
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P(PSIA) 

T  (  Li  Lu  •  K  •  ) 

Z 

Z ( C AL .  ) 

DEV  . 

*  DEV. 

200. OC 

559.69 

C. 9057 

0.9096 

0.0039 

0.4285 

400.00 

559.69 

0. 7921 

0.801b 

C • 0095 

1 . 1984 

600.00 

559.69 

0.6411 

0.6559 

0.0148 

2.3123 

bCO.CO 

559.69 

0. 2935 

0.2655 

0.0080 

2.7258 

10C0. 00 

559.69 

C.2571 

0.2536 

0.0035 

1.3679 

1 2  5r .00 

559.69 

C. 2955 

0.2944 

0.0011 

0.3733 

1500. CC 

559.69 

C. 3367 

0.3358 

0.0029 

0.8504 

1750.00 

559.69 

C. 3820 

0.3788 

0.0032 

0.8418 

2C00.00 

559.69 

0.4251 

0.4220 

0.0031 

0. 7341 

2250.00 

559.69 

0.4676 

0.4662 

0.0014 

0.2948 

2500.00 

559.69 

C . 5100 

0.5069 

0.0011 

0.2060 

2750.00 

959.69 

0.5520 

0. 5514 

0.0006 

0.1136 

2000. CO 

559.69 

0.5937 

0.5930 

C. 0007 

0.1148 

3500. CO 

559.69 

0 . 675b 

0.6775 

0.0019 

0.2853 

4C00.0C 

559.69 

0. 75b5 

0.7591 

0.0026 

0.3392 

4500. CC 

559.69 

0.8362 

0.8395 

0.0033 

0.3982 

5C00.CC 

559.69 

0.9154 

0.9156 

0.0002 

0.0236 

6000.00 

559.69 

1.0714 

1.0624 

0.0090 

0.8440 

200.00 

619.69 

0. 9328 

0.9362 

C • 0034 

0 • 3666 

400.00 

619.69 

0.8594 

0.8662 

0.0068 

0.7854 

600.00 

619.69 

C. 7784 

0.7876 

0.0092 

1.1870 

800.00 

619.69 

0.6878 

0.6977 

0.0099 

1 • 4455 

1CC0.00 

619.69 

€. 5661 

0.5951 

0.0070 

1.1927 

1 2  50 . 0  C 
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0 . 4  7o  9 
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C. 0006 
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0.0031 
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0 . 445  7 
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0.9516 
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619.69 

C. 4753 

0.4714 

0.0039 

0.8115 

2250.00 

619.69 

C. 5061 

0.5008  ‘ 

0.0073 

1.4280 

25CO.CC 

619.69 

0.5426 

0 . 5383 

0.0093 

1.7212 
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619.69 

0.577b 

0.567  / 
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1.7414 

3000. CO 
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0.6134 

0.6034 

0.0100 

1.6297 

3500. CO 
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0 .6846 
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0 • 00  6  6 
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0  •  60  66 
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0.7348 
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0. 0045 

0.5022 

600.00 
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0 • 66  b8 
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0.8000 
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0.7693 
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C.82C2 
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0.0043 

0.639b 
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0.0013 
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0.0009 
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P(PSI A) 

T  (  U  E  G .  K  .  ) 

Z 

L  (GAL  .  ) 

OEV . 

%  DEV. 

4500 . 0C 

679.69 

0.8398 

0.8293 

C. 0105 

1.2514 

5000.00 

6  79.69 

0.9D30 

0.8913 

0.0117 

1 . 3002 

6 C CO. 00 

679.69 

1.0287 

1.0178 

0.0109 

1.0639 

2CO.OO 

739.o9 

0.9635 

0  •  9 1>49 

0.0014 

0.1490 

400.00 

739.o9 

0.9267 

0.9293 

0.0026 

0.2854 

6C0. 00 

739.o9 

C. 8900 

0.8935 

0.0035 

0.3899 

800. 00 

739.69 

0.8541 

0.8578 

0.0037 

0.4286 

1000.00 

739.69 

0.8194 

0.8229 

0.0035 

C . 42  13 

12  5  0  .  ac^ 

739.69 

C. 7792 

0.7819 

0 .  G  0  2  7 

0.3415 

1500.00 

739.69 

C.  74<t0 

0.7461 

0.0021 

0.2826 

1750. CC 

739.69 

0.7175 

0. 7187 

0.0012 

0.1680 

2 COG . CO 

739. 69 

0. 7010 

0.7016 

0.0006 

0.0885 

2250.00 

739.69 

0.6954 

0.695  1 

0.0003 

0.0419 

2500. CG 

739.69 

0.6979 

0.697  7 

0.0002 

0.0318 

27dO.CC 

739.69 

0.7073 

0.7074 

0.0001 

0.0166 

3000.00 

739.69 

0.7218 

0.7225 

0.0007 

0.0914 

3500. CG 

739.69 

0. 7632 

0.7613 

0. 0019 

0.2447 

4C00.CC 

739.69 

0.8114 

0 .8081 

0.0033 

0.4006 

4500. OC 

739.69 

0. 8639 

0.8587 

0.0052 

0.6047 

5000.00 

739.69 

0.9164 

0.9116 

0.0068 

0.7453 

.  OC CO. 00  ......... 

739.69 

1 .0298 

1.0214 

0.0084 

0.8 130 

94.  16 

561.69 

0.96 38 

0.9642 

0.0003 

0.0347 

99. 19 

561.69 

0. 9619 

0.9622 

0.0003 

0.0312 

123. 16 

581  .69 

0.9530 

0.9523 

0.0002 

Q.01 70 

150. 46 

581.69 

0.9427 

0.9419 

0.0008 

0.0804 

175. 73 

581.69 

0.9327 

0.9317 

0. 0010 

0. 1056 

267.51 

581.69 

0.8950 

0.8939 

0.0016 

0.1797 

360.16 

581.69 

0.8533 

0.8520 

0.0013 

0.1507 

414.72 

581.69 

C. 8296 

0.8267 

0.0029 

0.3519 

458.47 

5  o 1 .69 

C. 8056 

0 . 6  04  7 

0.0011 

0 . 1364 

514.  11 

561.69 

0. 7773 

0.7760 

0.0013 

0.1654 

567.16 

581  .69 

0. 7462 

0.7469 

0.0013 

0. 1680 

616. 23 

561.69 

C . 7136 

0.7180 

0.0006 

0.0784 

716.87 

561.69 

0.6521 

0.6519 

0.0002 

0.0351 

816.80 

581.69 

0.5724 

0.5718 

0.0006 

0. 1012 

916.59 

5  o  1  .  o  9 

0 . 46o  7 

0.4640 

0.0027 

0.5762 

10 16.43 

581 .69 

0.3417 

0.3370 

0.0047 

1.3697 

1216.47 

581.69 

0.3003 

0.3050 

0.0047 

1.5645 

1416. 53 

581.o9 

€.3194 

0.3267 

C . 00  73 

2.2977 

1616.71 

581.69 

0. 3459 

0.3535 

0.0076 

2.1948 

1816.81 

561.69 

0. 3749 

0.3813 

0.0064 

1.7010 

rv: 

G 

— "J 

. 

o 

o 

361 .69 

0 . 9036 

0.4126 

0.0090 

2.2277 

2517.36 

581.69 

C.4781 

0.4869 

0.0086 

1 . 8508 

3017.79 

5  6  1  .  o  9 

0. 5527 

0.5592 

0.0065 

1.1787 

3518.19 

5  c  1 .  o  9 

0.6246 

0.6393 

C. 0147 

2.3599 

4018. 66 

581.69 

0.6971 

0.7118 

0.0147 

2.1115 

4519.  1 1 

561.69 

0 . 7676 

0.7886 

0.0210 

2.7358 

5C19.dl 

561.69 

0.8338 

0.8845 

0.0507 

6.0787 

101.24 

626.69 

0.9691 

0.9699 

0.0008 

0.0853 

107. 33 

626.69 

0.9674 

0.9681 

C • 0007 

0.0704 

119.10 

62  6 . o  9 

C. 9645 

0 • 9  64  d 
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3  6  8  .  8  9 

581.69 

C • 8  444 

0.8412 

0.0032 
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0.0019 
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0.9895 
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0.0009 

0.0911 
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C. 9860 
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0. 0012 

0.1184 

50.00 
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C. 9826 

0.9839 

0.0C13 

0.1340 

60.00 
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0.9790 

0.9606 

0.0016 

0.1679 

80.00 
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C . 9720 

0.9740 

0.0020 
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C. 9650 

0.9674 

0.0024 

0 • 24b6 

125.00 
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C. 9560 

0.9589 

0.0029 

0.3062 

150.00 

619.69 

0.9471 

C. 9504 

0.0033 

0.3438 

200.00 

619.69 

0.9290 

0.9328 

0.0038 

0.4110 
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C. 8912 
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0. 0048 

0.5332 
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AGO. OC 

1  l  ^  L.  V/  •  >  •  / 

619.60 

C . 8502 

t-.  \  o  •  / 

0 . 6  5o  1 

LJ  L_  V  • 

0.0059 

yi-  *  • 

0.6962 

500.00 

619.69 

C  • 8041 

0.8121 

0.0080 

0.9998 

600. OC 

619.o9 

G. 7618 

0.7623 

C. 0105 

1.4004 

600.00 

619.69 

C. 1030 

0.1035 

0.0005 

0.5047 

1C0C.00 

619.o9 

C. 12o7 

0.1257 

0.0010 

0.8251 

125G.00 

619.o9 

C. 1554 

0. 1557 

C . 0003 

0.1920 

1600.00 

619.69 

0. 1836 

0.1839 

C.0003 

0.1398 

1750. CG 

619.69 

0.2110 

0.2144 

0.0034 

1.6219 

_ . 2 COO.  00 . 

619.69 

0, 2378 

0.2460 

0.CC82 

3.4405 

2250. OG 

619.69 

0  •  2 649 

0.2703 

0.0054 

2.0379 

2500.00 

619.69 

C. 2916 

0.2950 

C  •  0034 

1.1520 

2750. CC 

619.69 

0. 3179 

0.3202 

0.C023 

0.7345 

3000.00 

619.69 

0.3440 

0.3445 

0.0005 

0.1571 

35C0. 00 

619.69 

C. 3955 

0.3921 

0.0034 

0.8546 

4COO.OQ 

619.69 

0. 4460 

0.4400 

0.0060 

1.3453 

4500.00 

619.69 

0.4951 

0.4924 

0.0027 

0.5397 

5000.00 

619.69 

C. 5442 

0.5385 

0.0057 

1.0414 

6000.00 

619.69 

C • 6406 

0.6295 

0.0111 

1.7386 

14.  7  C 

679.69 

C. 9962 

0.9965 

0.0003 

0.0330 

20.00 

679.69 

0.9949 

0.9953 

0.0004 

0.0373 

3  .  0 

679.69 

0. 9923 

0.9929 

C.0006 

0.059a 

40.00 

679.69 

0.9897 

0.9905 

0.0008 

0.0815 

50.00 

6 /9 • 6  9 

0.9872 

0.9881 

0.0009 

0.0924 

60.00 

679.69 

C .  4  34o 

0.9857 

0.QQ1  1 

Q.  1  125 

80.00 

679.09 

0.9794 

0.9809 

0.0015 

0.1502 

100.00 

679.69 

0.9742 

0.9760 

0*0018 

0.1845 

125.00 

679.09 

C. 9677 

0.9699 

0.0022 

0.2225 

15C . GO 

679.69 

0.9612 

0.9636 

0.0024 

0.2549 

200.00 

679.o9 

0.9480 

0.9511 

0.0031 

0.3221 

3C0.00 

679.69 

C. 9210 

0.9251 

C. C  04  1 

0.4409 

400.00 

679.69 

0. 8931 

0.8979 

0.0048 

0.5358 

5  CO . OC 

679.69 

0 . 8  63  6 

0.8693 

0.0057 

0.6577 

600.00 

679.69 

0.8324 

0.8390 

0.0066 

0.7913 

800. OC 

679.69 

0. 7629 

0.7716 

C.0067 

1.1379 

1000.00 

679.69 

0.6783 

0.6895 

0.0112 

1.6549 

1250.00 

679.69 

0.52  75 

0.5373 

0. 0098 

1.8582 

1500.00 

6  7  9  .  o  9 

0.2355 

0.2184 

0  .  C  1  7  1 

7.2425 

1750. GC 

6  79.69 

0.2451 

0.2395 

0.0056 

2.3016 

2CCC.C0 

679.69 

0.2654 

0.2659 

0.0005 

0.1819 

2250. CC 

679.64 

C.2881 

0.2917 

0 . 0036 

1.2471 

2500. CC 

679.69 

0. 3112 

0.3179 

0.0067 

2.1641 

2750. CC 

679.69 

C . 3352 

0.3414 

0 . 0062 

1.8502 

3000. CO 

679.69 

0. 3589 

0.3655 

C . 0066 

1.8362 

3500. CC 

679.69 

0.4063 

0.4116 

0.0053 

1.2953 

4CCC.C0 

679.69 

0.4532 

0.4563 

0.0031 

0.6860 

4500. CC 

679.69 

0.4994 

0.5006 

C.0012 

0.2476 

5000.00 

679.69 

0 • 5446 

0 • 5462 

0. GO  16 

0. 3026 

60  CO. 00 

679.69 

C • 63  50 

0.6280 

0 • OC  70 

1.0949 

14.70 

739.69 

0.9972 

0.9974 

0.0002 

0.0158 

20. CO 

739.69 

0.9962 

0.9964 

C • 0002 

0.0202 

30.00 

739.6 9 

0.9942 

0.9946 

0*0004 

0.0397 
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P ( PS i A) 

T( DEO.R.  ) 

Z 

Z  (  C  A  L  .  ) 

DEV  . 

%  DEV. 

40.00 

7  3  9 .  6  9 

0.9923 

0.9928 

0.0005 

0.0487 

30. OC 

739.69 

C. 9904 

0.9910 

0.0006 

0.0574 

60.00 

739.69 

C. 9884 

0.9891 

0.0007 

0.0757 

60.00 

739.69 

0.9846 

0.9835 

0.0009 

0.0910 

100.00 

739.69 

C. 9807 

0.9818 

0.0011 

0.1146 

12b. CC 

739.69 

C. 9759 

0.9772 

0. 0013 

0.1342 

130.00 

7  9 . 6  9 

0.9710 

0.9726 

0.0016 

0.1611 

2C0 . CG 

739.69 

C. 9612 

0.9632 

0.0020 

0.2065 

3C0.CC 

739.69 

0.9415 

0.9441 

C.Q026 

0.2718 

400.00 

739.o9 

C. 921 3 

0.9244 

0.0031 

0.3364 

500.00 

739.69 

C. 9005 

0.9042 

0.C037 

0.4055 

600. OC 

739.69 

C. 8790 

0.8832 

0. 0042 

0.4834 

600.00 

739.69 

0.8331 

0.8391 

0.0060 

0.7168 

1C00.0C 

739.69 

0.7830 

0.7910 

0.0080 

1.0228 

1250. OC 

739.o9 

0. 7141 

0.7239 

0. 0098 

1.3744 

1500.00 

739.69 

0.6368 

0.6464 

0.0096 

1.5136 

1750. OC 

739.69 

C. 5301 

0.5361 

C. 0060 

1.0890 

2CC0.CQ 

739.69 

0.4649 

0 .463 1 

0.0C18 

0.3977 

2250.00 

739.69 

0.4111 

0.4049 

0.0062 

1.4997 

25C0.CC 

739.69 

C . 3950 

0.3910 

0.0040 

1 .0240 

2750. CG 

739.69 

0. 3994 

0.3970 

0.0024 

0.6001 

3000.00 

739.63 

0.4116 

0.4101 

0. 0015 

0 • 36ol 

3500. CO 

739.69 

0 . 4435 

0.4457 

0.0022 

0.5036 

4CC0.CC 

739.69 

o 

. 

CO 

o 

0.4644 

C  •  0  0  3  4 

0.70/4 

4500.00 

739.o9 

C. 5204 

0.5238 

0.0034 

0.6314 

5CG0.00 

739.69 

0. 5606 

0.5630 

0.0024 

C.4214 

6CCC.C0 

739.69 

0.6415 

0 .640  1 

0.0014 

0.21 o4 

A  V  E  .  LEV.  = 

0 .003  5  3 

AVE.  PERC. 

D  E  V  •  =  0  • 

6446  6 

ERRCR  SQUARE  =  0.242347E-C1 _ 

STANDARD  ERROR  CP  ESTIMATE  =  0.00616 
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PROGRAM  NUMBER  3 

c 

c 

c 

CONTROL  CARDS 

THE  MAINLINE  OF  THIS  PROGRAM  EXTENDS  THE  SEARCH  FOR 

c 

c 

. <L . 

THE  MINIMUM,  USING  VARIABLE  STEPS  ALONG  ORTHOGONAL  VEC¬ 
TORS.  IF  A  STtP  ALlNG  A  VECTOR  IS  SUCCESSFUL,  THE  STEP 

IN  THAT  LIKEOTICN  IS  INCREASED  THREEFOLD  AND  THE  REFER- 

c 

c 

c 

ENCE  FUNCTION  VALUE  IS  REPLACED  BY  THE  NEW  IMPROVED 

VALUE.  IF  UNSUCCESSFUL,  THE  REFERENCE  FUNCTION  VALUE  IS 
RETAINEL  AND  THE  OLD  COORDINATE  VALUES  ARE  REPLACED. 

c 

c 

c 

WHEN  OSCILLATIONS  BETWEEN  SUCCESSFUL  AND  UNSUCCESSFUL 

STEPS  lUCURS  ALONG  ALL  THE  ORTHOGONAL  VECTORS,  THE 

ROTATE  SUBROUTINE  IS  CALLED  TO  ROTATE  THE  ORTHOGONAL 

c 

c 

C 

SET  CF  VECTOKo  Su  THAT  CNE  OF  THE  VECTORS  LIES  PARALLEL 

TO  TNE  PROGRESS  VECTOR  (VECTOR  BETWEEN  COORDINATES  OF 

ADJACENT  ITERATIONS)  AND  A  NEw  ITERATION  BEGINS. 

c 

DOUBLE  PRECISION  VAR2,0V,X,  Y , PAR  1 , PAR3 , VAR1 , VAR3 , ELAM, 

1FUNC, DEV,  T,V 

INTEGER  P 

COMMON  V  AR2 , UV ( 10 , 10 ) , X ( 200 , 10 ) , Y ( 200 ) , P AR 1 ( 10 ) , PAR3  i  10 

1)  , M i N , P  «  K P . KOC  F  «  K S F ( 1 0  ) 

C 

DIMENSION  PRES (200) , DES(20Ci ,PNAM( 10,5) , ELAM ( 10) ,KS( 10) 

1 , KF ( 10) 

C 

c 

THIS  IS  THE  MAINLINE  PROGRAM  FOR  ROS EN BROCK. 1  S  METHOD  OF 

1  ROTATING  CO-ORDINATES 

c 

r 

INPUT  DATA  READIN 

L 

c 

MAXMIN  =  0  FUR  MINIMIZATION 

c 

c 

c 

=  1  FUR  MAXIMIZATION 

P  =  NO.  CF  PARAMETERS 

KLCF  EQUALS  0  FUR  DATA  CORRELAT I  UN 

c 

c 

c 

EQUALS  1  FOR  OPTIMIZATION 

KPN  EQUALS  0  IF  NORMALIZATION  IS  REQUIRED 

equals  o  if  normal izat ion  is  nut  required 

c 

c 

c 

Ml  =  MAXIMUM  NO.  CF  RGTATIlNS  (=25*P) 

M2  =  MAXIMUM  NO.  OF  STEPS  BETWEEN  ROTATIONS  (=25*P) 

M  =  NUMBER  OF  VARIABLES 

c 

N  =  NUMBER  CF  POINTS 

READ (3, 1  )  MAXM IN, P,K DCF, KPN, Ml, M2 

1  FORMAT (615) 

K  P  =  P  +  1 

REAL (5,12)  ^S»(PAR1(I)  » I  =  1 »  P  ) 

12  FORMAT  (6H2  .  5) 

IFIKCCF.EQ.l )  GO  TO  20 

READ  (5,1)  M  , N 

DO  2  L  =  1  ,N 

R  t AC ( 5  »  4 )  TEMP,  PRESS,  COMP 

4  FORMAT (  8  X ,  F7.2,  6X,  F8.2,  31X,  F8.5) 

<  - ; 
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PR  L  S ( L )  =  PRE  S  8 


Y ( L  )  =  CCMP 

XI L ,  1  )  =  1  .6*( TEMP  +  273.  16  ) 

X{L  ,2)=CCMP*1Q..7335*X(L,  1)  /  PRESS 

3 

2C 

28 

CONTINUE 

WRITE! o  ,28  ) 

FORMAT  (  lhl ) 

32 

WR 1 T  E ( 6 , 32 ) 

FORMAT l 1H0, 10X, ' PARAMETER  ESTIMATES  BY  ROSENBROCK 
1C  ) 

METHG 

29 

WK1 TE { 6 , 29  ) 

FORMAT ( 1H0, IX, 'RCTAT IGN  NO.  ' ,  8X,  ' ALPHA ', 1QX ,' BETA4 , 1 1 

IX. 'GAMMA*,  10X,  'DELTA',  9X,  'VARIANCE'//) 

C 

C 

c 

GENERATE  INITIAL  SET  OF  ORTHOGONAL  VECTORS  L  NULL 
IIMG  FACT  CRS 

SCAL- 

C 

CO  5  1=1, P 

KSFi I ) =0 

5 

1A 

PAR3  i  1  )  =  P AR 1 (  I  ) 

CONTINUE 

DO  67  1  =  1,  P 

6 

CO  6  J=1,P 

OV ( I »  J ) =C • DO 

C  G  N  T  I  N  U  E 

c 

67 

CV( 1,11=1*00 

CONTINUE 

c 

c 

ADJUSTMENT  CF  PARAMETERS 

• 

CALL  VAR  IAN 

VAR1=VAR2*(-1 .DO ) **MAXMIN 

VAR3=VAR  1 

C  C  U  l\  T  =  0  . 

DO  7  KKK=l,Ml 

DC  85  1=1, P 

ELAMi I )=SS*( 10  .DO )**KSF( I ) 

85 

KS ( I ) =0 

kf<  n=o 

CONTINUE 

DO  80  KLP= 1 , M2 

DO  90  11=1, P 

CO  9  1  =  1  ,P 

9 

PARI  m  =PAR1  ( I  )+0V( 1 1 , I )*ELAM( 1 1  ) 

CCNT  INCE 

CALL  VAR  I  AN 

V AR2= V AR 2* (- 1. DO )**M A XM IN 

CGUNT=CGUNT+1. 

IF( VAR1.LT.VAR2)GCTC10 

VAR  1  =  V AR2 

KS (  1  I  )  =  1 

ELAMI  1  I  )  =  E  L  A  M  (  II  )  *  3  •  U  0 
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GC  7  C  61 


10 

1 J 

CC  13  1=1,8 

8AK  1  (  I  )  =  P A R  1  (  I  J-ELAMl  I  1  )«OVU  I  ,  I  ) 

CONTINUE 

EL  A  F (  11 ) =-t L AM (  II ) / t  2 . CO ) 

KF ( I  1  )=KSl 1  1  ) 

K  S (  II )=Q 

til  DG  82  1=1,8 

IF (KF  (  1 )  ♦  EQ . 0 }  GL  TO  90 

82CQNT1NOE 

90 

60 

GU  TC  63 

CONTINUE 

C  U  N  T  I  N  U  E 

r 

63 

CCi\  T  1  Nufc 

L 

c 

ROTATION  of  axes 

c 

c 

CALL  RCTATE 

c 

r 

DATA  OUTPUT 

L 

DO  40  1=1,8 

40 

PARK  I  )  =  PARl(I)/(  l 10 .DC)**KSF( I ) ) 

CONTINUE 

vsRl  TE  (  6 ,2o  )  KKK,  (  PARI  <  I  )  ,1=1,8)  ,  VAK1  ,CGUNT 

26 

FORMAT ( 4X , I 3 , 7X »  6E 15 . 8 ) 

CU  17  1=1, P 

PARI  m  =  PARl  (  I  )*(  (  10  ,DG)**KSF  {  I  J) 

17 

PAR3 ( I ) =PAR1 (  I  ) 

CCN  T INUE 

IF ( ABSt VAR1-VAR3  )  .  LT  .  l.L-12)  GU  TO  30 

7 

VAR3=VAR1 

lF(KPN.Ew.O)  GC  TO  30 

CONTINUE 

3  C 

IF(KPN .EC.l ) GO  TO  100 

KPN=1 

Call  NGRF AL 

11 

CO  11  1=1,8 

PAR3 (  I  )=PAR1  (  I  ) 

CONTINUE 

100 

GO  TC  14 

DO  31  1=1,8 

PARI ( 1 ) =PAR  1  (  I  )/( ( 10 .DC)**KSF( I)) 

31 

CONTINUE 

IF(KDCF.tG.l)  GO  TO  8 

WR I T  E ( 6 ,  16) 

18 

FORMAT { 1 H  0 , 20x  ,  7HPIPSIA),  2X,  9HT (DEG.R. ) ,  5X ,  1HZ,  8X 

1 ,  4HFUNC  ,  6X,  * PERC.  ER.  '  ) 

CO  15  J  =  1 ,  N 

f-UNC  =  C  . 
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C  FOR  DATA  CORRELATION,  INSERT  FUNCTION  AFTER  THIS  CARL). 

C 

T  =  a  (  o  ,  L  )  _ _  _ 

V-X ( J  tZ) 

F  UNC=  V / ( V-10.7335*(PAR1(3) +FAR1 (4) *( T  - 1 . 8*31  1 .0 )  )  ) - ( PAR 
_ 11(  1KPAR1  (2)*(  T-1.8*  311  .0)  )  *10 . 7  335/ (  (  T**  1 .  5  )  *  {  VHP.  7  33 

25*<PARl(3)+PAkl(4)*(T- 1.8* 311.0)))) 

DEv= 100.00 * ( FUNC-Y ( J) )/Y( J) 

A K  1  T  E  (  £  ,  i 6  )  PRE S  (  J  )  »  Xl  Jill  i  Y  (  J)  .  FUNC.  L) L  V 
16  FORMAT (1H  ,  1 5 X ,  2F10.2,  2F11.5*  F12.5) 

15  CONTINUE 

8  CONTINUE _ 

VAR2=VAR3 

STOP 

END 
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SUBROUTINE  VARIAN 


DOUBLE  PRECISION  VAR2,uV,X,  Y,PAR1,PAR3 
COMMON  VAR2,0V (10,10) »  X ( 2C0 , 10) »  Y ( 200 ) , 
1)  ,M  ,  N  ,  P  ,  R  P KuC  F  ,  K  S  F  (  10  ) 

, FUNC , DEV  2 , T , V 

PARI ( 10) , P AR  3 (  10 

c 

c 

INTEGER  P 

THI S  S  UBROUTINE  CALCULATES  Th E  V  A  L  U  E  OF 

THE  FUNCTION  TO 

c 

1  BE  OPTIMIZED.  IT  ALSO  CALCULATES  THE  VARIANCE  IN 

2  THE  CASE  OF  DATA  CORRELATION 

DO  5  1=1, P 

PARK  I  )  =  PAR1  (I  )/  U  10.00)  **KSF  (  I  )  ) 

5  CONTINUE 

r 

IF{ KCCF.EO.O)  Go  TO  1 

_ JL_ 

FOR  OPTIMIZATION  INSERT  FUNCTION  AfTEk 

THIS  CARD  . 

C 


VAR2  =  FUI\C 

_ DC  6  1=1 .P  >n _ 

PARK  i)  =  PAKl  ( I  )*(  (  10  .DO)**KSF  (  I  )  ) 

6  CONTINUE 

. . . REI11BJ&L _ - . . . . . . . _ . . . . . . . 

1  0€V2=0 .00 
DU  2  J  =  1,N 

£ _ _ _ _ _ 

C  FOR  DATA  CORRELATION,  INSERT  FUNCTION  AFTER  THIS  CARD. 

C 

. .  T  -  A  (  J  *  i  )  _ 

V  -  X  (  J  ,  2  ) 

FUNC=V/< V-l 0.7 33 5* ( PARI ( 3) +PAR1 (4)*(T-1.8*3U.0)))-( PAR 

_ 11I1)+P  AK1(2)*(T- 1.8*  311  .0))*  10. 733  5/K  T** 1 . 5 ) * ( V+1Q . 733 

2  5*1  PARK  3J+PAR1  <4  )*(  1-1.8*311 .0)  ))  ) 

DEV2-DE V2+ ( Y ( J ) -FUNC ) **2 

_ 2  CONT I N u g 

VAR 2= D£ V  2 / ( N - 1 ) 

DO  3  1=1, P 

_ PARI  (I ) =P Ah  1 ( I  )  *  (  ( 10  .DQ)**KSF( I )  ) _ 

3  CONTINUE 
RETURN 
END 
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SUBROUTINE  ROTATE 

DOUBLE  PRECISION  VAR2,CV,X, 
COM  Pi  UN  VAR  2 ,0V  (10,  lOi  ,X1200, 
1  )  *R,N,P,KP,  KDCf-  f  K  SF  (1C) 

V  ,PARi  ,PAR3 
10)  ,  Y  (  2  0  0  )  , 

, A , d , SU, S , OGu 

PARI  (  10  )  , P AR3 ( 10 

c 

DIMENSION  A ( 10 , 10 ) ,B( 10,10) 
INTEGER  P 

L 

c 

c 

THIS  SUBROUTINE  ROTATES  ThE 
ORTHOGONAL IZ AT  ION  PRuC  EdS 

AXES 

USING 

THE  GRAM  SCHMIDT 

DU  i  1  =  1, P 

DU  1  J=1,P 

A(  i , J )=0  .DO 

l 

B ( I , j)-0 .00 

CONTINUE 

DC  2  1=1,  P 

DO  2  J=I  ,P 

A  (  1 , J)  =  PAK1 ( J ) -PAR3  (  J) 

B( I , J)=A ( I , J J 

2 

CUNT INUE 

SU=C. DO 

DO  3  J=1,P 

3 

SO=SU+A< 1 , J)**2 

CUNT  INUE 

S  =  SC»*Q .  5 

4 

DU  A  J=1,P 

0V( 1»J)=A( 1 , J ) / S 

CONTINUE 

DO  5  1  =  2,  P 

MI= 1-1 

CG  6  K- 1  ,  P  1 

DCG=C .DO 

DO  7  J=1,P 

DUG=DCU+OV ( K, J ) *A( K, J) 

7 

CON  T  INUE 

DO  8  J=1,P 

B (  I  ,  J  )  =B ( I ,J)-DCG*OV(K»J) 

a 

6 

CONTINUE 

CONTINUE 

SC=0 • DO 

9 

DO  9  J=1,P 

SO=SC+B ( I , J)**2 

CONTINUE 

S=  SG**0 . 5 

DC  10  J=1,P 

ov ( i , j)=ai i , j ) /s 

10 

c 

CONTINUE 

CCN r INUE 

RETURN 

END 
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_ SUBROUTINE  NURMAL _ 

DOUBLE  PRECISION  VAR2,Qv,X,  Y , PAR  1 , P AR3 , PP 1 
COMMON  V ARC  »  uV (10,10)  , X( 200 , 10) , Y( 200)  ,PAR1  (  1C )  , PAR3(  10 
1)  ,M,N,  P,KP,KUCI-,KSEUO) 

I N T  EGER  P 
C 

C _ THIS  SuBKUUT  I  iME  MAPS  THE  PARAMETERS  BETwE  EN  0.1  i  1.0 

C 

CO  1  1=1, P 

_ _ 1  )  -  0  . - . ■  . 

1  CONTINUE 
DO  2  I=1,P 
CC  3  tt=l.i50 

PPl-PAKl (1 )/( ( 10.DC)**K) 

IE(ABS( PP1 ) .GT .1 . )G0  TO  3 
KSF  ( Il=-K 
6  0  TO  2 

3  ClNTINUE 

f -  2  CONTINUE  _ 

DU  5  I=1,P 

I E ( KSF ( I ) .NE.-l ) GO  TO  5 

. . D  O  6 . K=1 , 3  C 

PPi=PARllI)*t  (  IG.CO^K) 

IFIABSIPPI)  .LT.1.JG0  TO  6 
KiiEiJ. )  =  K  - 1 

GO  TO  5 
6  CONTINUE 

. —5. . CCiM.JJLN.UJE . . . . . .  , . , . - . . . 

Ll  4  1  =  1,  P 

PARI ( I )=PAR1  <  I  )*< ( 10 .00 )**KSF ( I  )  ) 

4  CONTINUE 

RETURN 

END 
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£ _ 

C  DATA  INPUT 

C 

C . . . FIRS!  CARD  CONTAINS  THE  VALUE  OF  MAXMIN,  P,  *DCF  ,  KPN, 

C  MI,  AND  M2 

C 

0  _  SECCNO  lARu  CONTAINS  THE  VALUE  OF  SS  ,  (PARK  I  )  ,  1=1, P) 

C  SS  IS  THl  STliP  size 

C  PARlll)  IS  THE  ESTIMATE  FUR  FIRST  PARAMETER 

t  PAR ID 2 1  IS  Tul  ESTIMATE  FOR  SECOND  PARAMETER 

C  AND  SO  uN 

C 

c  third  uard  contains  the  value  gf  m  and  n 

C  M= NUMBER  CF  INDEPENDENT  VAklAbLES 

C  N  =  Nl)M6ER  OF  DATA  PCINTS 

C  ’FOURTH  TO  (  N  *-4  }  T  H  lARU  HAVE  THE  DATA  VALUES  ACCORDING 

C  TG  THE  FORMAT  12 

C  


C  SAMPLE  OUTPUT 

C 

_C _ IjHE  VALUE  LF  THE  REDl  I  Ch-KwCNG  EQUATION  CONSTANTS 

C  (NOT  ACCORDING  TO  THE  OUTPUT  FORMAT)  CAME  GUT  AS 

C  ALPHA  =  0.369^47400  C4 

C  BETA  =-0.747763690  CO 

C  GAMMA  =  0  *5  560  36 4  7  D—  0 1 

C  DELTA  =-0.60/012440-04 

_C _ VARI  ANCE=Q.  00409  _  _ _ _ 
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P ( PSi A) 

T ( UEb.R.  ) 

Z 

FUNC 

PERC •  ER. 

69.33 

581.69 

0 . 96699 

0.97348 

C. 67099 

117.62 

561.69 

0.94839 

0.95439 

0. 63279 

167.20 

581 .69 

0.92850 

0.93442 

0.63756 

216.88 

561.69 

0.90840 

0.91379 

0. 59283 

266.69 

381.69 

0.88758 

0. 892^6 

C. 550C6 

316.56 

581.69 

0 . 86538 

0.87032 

C. 57041 

3  66. A  7 

581.69 

C. 84228 

C. 84729 

0. 59508 

394.23 

581.69 

0. 83123 

0.83450 

0.38694 

4 19. 22 

581.69 

0.81901 

0.82235 

0.40725 

468. 79 

581.69 

0.79392 

0.79740 

0.43843 

518.44 

581.69 

0«  76  7  o2 

0.77113 

0.45771 

568.  1  7 

581.69 

C. 73987 

0.74329 

0. 46282 

617.94 

581.69 

0.71037 

0.71357 

0.45011 

717.57 

581.69 

0  •  6  4  3  4  6 

0.64602 

0. 39823 

817.27 

581.69 

0. 5 60  1C 

0. 56054 

C. 07862 

916.95 

581.69 

0.43569 

0.42840 

-1.67206 

1016.65 

581.69 

C .27938 

0.26305 

-6.01290 

1216. 71 

581.69 

0.27068 

0.27210 

0. 52312 

1416.83 

5  81 .  o  9 

0.29382 

0.2991b 

1.81633 

1616.95 

581.o9 

0.32036 

0. 32552 

1.45118 

1617.11 

581.69 

C. 34937 

0. 34989 

0. 14789 

2017.24 

581 .69 

0.3  7802 

0. 37363 

-  1.  16244 

9  3.  a  1 

026.69 

0.96498 

0.97134 

Q. 65876 

118.21 

62o . 69 

C. 95782 

0.96375 

0.61868 

167. 55 

626.69 

0.94239 

0. 9481  7 

0.61356 

217.20 

626.69 

0.92691 

Q. 93224 

0. 57467 

267.00 

626.69 

C. 91092 

0.91 594 

0.55129 

316.90 

626 . o  9 

0.89462 

0. 89929 

0. 52245 

366. 81 

6  <L  b  •  6  9 

0.87764 

0.88225 

0. 52566 

416.75 

62  b. o  9 

0.86073 

0. 86488 

0.48227 

469. 20 

626.69 

0.84461 

0. 84654 

0. 23985 

518.84 

6  2  b  •  6  9 

0.82641 

0 .  b  2  a  3  8 

0.23825 

568. 56 

6  2  6  •  6  9 

0.80798 

0.80974 

0.21822 

618.31 

626.69 

0. 7889  7 

0.  79056 

0.20163 

717.93 

o2  o . 6  9 

0.74921 

0. 75038 

0. 15629 

817.o6 

626. o9 

0 . 70685 

0.70743 

0. 08136 

917.47 

62  o  .  o  9 

0.66159 

0.06124 

-0.05319 

1017.30 

626. o  9 

0.61278 

0.61126 

-0.24812 

1217.04 

62b . 6  9 

0.50857 

0. 50321 

-1 . 05388 

1416.95 

626.69 

0.42786 

0.42160 

-1.46341 

1616. 98 

0^6.69 

0.40278 

0.40228 

'  -0.  12405 

1817.10 

62o .69 

0.40741 

0 . 41 1 66 

1. 04368 

2017. 21 

62  6  .  o  9 

0.42329 

0. 42894 

1.33378 

93.86 

671.69 

0.97096 

0. 97696 

0.61831 

118.22 

671.69 

0.96553 

0.97093 

0 • 55888 

167.44 

6  7 1 .  o  9 

0 . 95360 

0.95861 

0. 52586 

2  1 7  .  C  6 

671.69 

0.94128 

0.94607 

0.  :)0837 

266. 84 

671.09 

C. 92930 

0.93337 

0.43819 

316.69 

671.69 

0.91689 

0.92051 

C. 39474 

366 . 60 

671.b9 

0.90439 

0*9078 
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P  (  P  S I  A  ) 

T ( DEG.R 

.  )  Z 

FUNG 

PERC.  ER. 

416.53 

671.69 

0.89172 

0.89433 

0.29310 

46o . 46 

671.69 

0.87885 

0.88102 

0. 24654 

519.17 

671.65 

0.86541 

0  •  86684 

0. 16489 

566. 87 

671.69 

0.85205 

0. 85  32  3 

0. 13906 

616.61 

671.69 

0.83844 

0.83944 

0. 11970 

718.25 

671.65 

0.81073 

0.81132 

0.07218 

617.97 

671.65 

0. 78229 

0. 78247 

0. 02343 

917.76 

671 .65 

0.75320 

0.75296 

-0.032C0 

101 7.60 

671 .69 

0.72350 

0.72285 

-0.08947 

1217.36 

671.o9 

C  .  66368 

0.66  199 

-0. 25516 

1417.27 

6/1.65 

C  •  6  0  o  3  7 

0.60363 

-0.41950 

1617.22 

671.65 

C.  5591  1 

0.55652 

-0.46326 

1617.30 

671.69 

0.52912 

0.52789 

-0.23210 

2C 1 7. 43 

671.69 

0 . 5  lo 3 3 

0.51784 

0.29222 

118.23 

716.69 

0.97121 

0. 97644 

0.53861 

167.48 

716.69 

0.96220 

0 • 9665b 

C. 45302 

217.08 

716.o9 

0.95275 

0.95655 

0.39911 

266. 84 

716.65 

0.94323 

0.94647 

0. 34332 

316. 66 

716.69 

0.93377 

0.93633 

0. 27425 

366.58 

716.69 

0.92404 

0.92ol2 

0.22555 

416.51 

/  1 6  •  6  9 

0.91452 

0.91569 

0.  14978 

466 . 45 

716.69 

0.9C489 

0.90  56  1 

0. 07965 

516.41 

716.69 

0 . 8  9 519 

0. 89529 

0.01115 

569. 21 

716.69 

0.88300 

0.86410 

0. 12490 

619.04 

716.69 

0.87276 

0. 87368 

0. 10546 

716.66 

716.69 

0.85230 

0.65272 

C. 04966 

618.36 

716.69 

0.83148 

0.83162 

0.01639 

518.14 

716.69 

0.81078 

0.81049 

-0.03598 

1C17. 98 

716.69 

0.79006 

0.78939 

-0. C8444 

1217.73 

716.69 

0 . 74903 

0.74781 

-0.  16326 

1417.63 

716.69 

0.7  099 1 

0. 70830 

-0.22  740 

1617. 59 

716.69 

0.67490 

0 . o7  30  2 

-0.27782 

1817.63 

716.69 
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_£ _ 

C  PROGRAM  NUMBER  4 

C 

C _ CENT R CL  CA RDS 

C 

C  THIS  PROGRAM  EVALUATES  THE  CONSTANTS  OF  THE  REDLICH- 

C  KwOhu  EQUATION  BY  ANALYTICALLY  D I F FLR ENT  I A T i NG  THE _ 

C  TERM  FOR  THE  SUM  CF  THE  SQUARES  OF  THE  RESIDUALS.  THE 

C  CONSTANT  A  Io  USED  FOR  THIS  PURPOSE.  AN  ITERATIVE  PRO- 

C  CEDURE  lb  uSLU  IN  WHICH  The  VALUE  OF  THE  CONSTANT  B  IS 

C  ASSURED  AND  bV  SUBSTITUTING  IN  THE  RtLATlU  OBTAINED 

C  FROM  DIFFERENT IATION  FOR  THE  LEAST  SQUARES  CRITERION 

_U _ A  VALUE  OF  THE  CONSTANT  A  IS  DETERMINED.  THE  VALUE  OF 

C  THESE  CONSTANTS  IS  USEC  IN  THE  SUM  OF  THE  SQUARES  OF 

C  THE  RESICUALb  TERM  TO  FIND  A  MINIMUM  FOR  THE  LATTER 

C  TERM.  THE  BEST  FIT  CONSTANTS  uIVE  THE  MINIMUM  FOR  THE 

C  ERROR  SQUARES  TERM. 

C 

_ REAL  417i20Q.it  PA  (7, LOO),  ZCAL  (  7 ,2GC  )  »  Dx.LZ.L7i2.CCJ  t _ _ 

1PERCI 7,20C ) ,  EI90C),  CCUNI900) 

DOUbLE  PRECISION  V(7,2QO),  A1900),  B(900),  A A ( 7 ) ,  B B ( 7 ) 
liXUJU  Qillt-SJLt  S2,  S3,  SA,  SB,  ST,  SAT,  SbT  ,  ^TT, 
1ALAST,  BLAST,  ALPHA,  BETA,  GAMMA,  DELTA, XI ,  X2,  X3 
C 

_C _ MM=NUMBMR  OF  DATA  POINTS _ 

C 

R  E  A  C ( 5 , 50 1  )  MM 

501  FORMAT  1141 _ 

R  =  1  C  .  7  3  3  5 

C 

_C _ SEPARATE  INTO  GROUPS  AT  THE  SAME  TEMPERATURE _ 

C 

J  =  0 

TINI=C.C 
CG  10  l  =  1  ,  M  M 

RE  AC ( 5 , 5C2 )  TEMP,  PRES,  COMP 

502  FORMAT  I  9X  ,  Fo.2,  7X,  F7 .2,  31X,  F6.5) _ 

DT  PT  I  =  AB$( TEMP-T INI ) 

IFIDTPTI.LT .0.1 )  GL  TO  5 

TINI^TEMP  _  _  _____ 

J  =  J  +  l 

jto  r= j 

_ T(  J)=l.d*(  TEMP  +  2  7  3 . 16) _ 

K  =  0 

5  K=K  +  1 

PA(J,n)-PRuS 
li  J  ,!\  ) =C  C  M  H 
CGUNI J) =K 

_  VI J ,K )=R*T I J )»CCMP/PRES  _ 

10  CUNTINUE 

C  FIT  THE  Twj  CONSTANT  EQUATION  TO  FIND  THE  EFFECT  OF 

C  TEMPERATURE 
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A  —  5  6 


CO  50  J=1,JTQT _ _ _ _ 

K  M  =  C  C  U  N  (  J  ) 

G(J)=(ABSIT(J)  ) )**1.5 

CElB=Q«1 

ELAST=lCCOOOO. 

BLAST=0 . 2 

1  =  1 _  _ 

JK  ITEK  =  1 
15  1=1+1 

JK1TER=JKITER+1 
IFl  JIKiTER.  LE  *800  J  GJ  TC  12 
1  =  1 

12  B ( I ) =BLAST  +  DELB _ 

S1=0.0 
S2  =  C  .  C 
$3  =  0 .  C 
.  2  5  K= 1 »  K 

Xl  =  l  .0/ (R*G< J ) *< V ( J,K ) +  B  l  i  ))) 

X2  =  2U,R)-VlJ,K)/lV(J,KJ-B(in _ _  _ 

S1=$1+X1*X1 
$2=$2+X 1^X2 

. _ S3  =  S3  +  X2*.X2 

25  CONTINUE 
All)  =-$2/Sl 

E(I)=A(1)*A(I)*S1+2.Q*A(I)  *S2+S3 _ 

I  F  C ELAST.LT. El  I ))  GO  TC  40 
ELAS  f  =  E(  I ) 

E  L  A  $  r  =  BJLii 

ALAST  =  A l  I  ) 

GC  TC  15 

40  DDELB=ABS(DELB  ) _ 

I F ( CCELB.LT .0.000001 )  GO  TC  42 
E  L  A  S  T  =  E  l  I) 

BLAS  T  =  d (  I ) 

0ELB*^0EUB/3  *0 
1  =  1 

GO  TC  15 _ 

42  AAl J ) =ALA$T 
BB(J)= BLAST 

WRITE (6 >105)  AA ( J ) *  BB ( J ) 

10  5  FORMAT 11HC t  20 X,  3 HA  =,  E15.8>  2X>  3HB  =  ,  El  5. 8) 
50  CONTINUE 


C  FIND  THE  DEPENDENCE  CE  TEMPERATURE 

C 

_  ST=0 » 0 

$A  =  0  .C 
SB  =  0 . 0 

_ S  T  T  =  C  .  0 _ 

S  A  T  =  0 . 0 
SBT=C  .  0 

DG  70  J=l, JTOT 
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X1-T(J)-1. 8*311.0 _ 

X2=  A A ( J ) / (R*R) 

X  3  =  B  B l J)  /R 
ST=ST+X1 

$A=$A+X2 

Sti=SB+X3 

STT=STT+X1*X1 _ 

SAT=$AT+X1*X2 
SBT  =  Sb7 +  X 1 *X  3 

. 7C  QQimj^U£_J . - . . . . . . . 

AT0T=JTQT 

ALPHA= ( STT*SA-SAT*ST )/ ( ATO T *ST T- ST*S T  ) 

BETA^( ATuT*SAT-SA*ST )/C AfuT*STT-ST*ST) _ 

GAMMA = l SI T*Sb-ST*SBT ) / ( ATO T*STT-ST *S T ) 

UELTA=( ATOT*SBT-ST*SB) /(ATLT*STT-ST*ST ) 

_ MR ITE (6.  120 1  ALPHA,  BETA.  GAMMA.  DELTA 

12  K  ATtlHOf  20X«  7HALPHA  =  ,  E15.fi/  20X,  7HBLTA  = ,  Lib. 

18/  2GX,  7HGAMMA  =  ,  E15.8/20X,  7HDELTA  =  ,  E15.fi) 

_ St=O.Q _ ^ _ 

S  A  E = 0  *  0 
S  E  $  =  C  .0 

_ MR  I  T  E  {(.,106) 

L06  F(  i  i  1 H  0 , 2  G  X  ,  4HTIJ1,  5X,  7HPA(J,K)#  4Xt  6HZ(J,K),3X, 
19HZC AL { j  ,  K )  ,  2  X  ,  9HDELZ(J,K),  IX,  9HPEkC(j,K)) 

_ DO  9C  J=1.JTUT _ 

KM^COUNC  J ) 

AA(J)=K*K5MALPHA  +  BBTASMT  (J  ) -l.fi*  311.0)) 

BB ( U)~R*( GAMMA  tD E  L  T  A  *  t  I ( J 1-1.8 *3 11 .  Q  )  ) 

00  88  K=1*KM 

ZCAL( J  ,K J  =  V( J, K)/ ( Vi J,K)-B8( J)  ) -AA< J  )/ <R*G ( J ) * ( V ( J , K ) +B 
_ lbC  J  )  )  ) _ 

CELZ(j,M=a(J,K)-ZlAL(J,K) 

PEkC(J,K)=LELZ(J,Kl/2(J»K) *100. 

11  TEC 6. 107 )  TC J).  P A ( J , K )  ,  ZU,K),  ZCAL(J,K),  DELZC J.K 
1 )  ,  P  E  F <  C  {  J  ,  K  ) 

107  FORMAT ( 1H  ,  15X,  2F10.2,  3F11.5,  F10.A) 

SE=S£+UELZ  (  J  ,  K  ) _ _ 

SAt=SAE+ABS(  QELZt  J,K  )  ) 

SES=$E6+UELZ ( J,K)*DELZ( J,K) 

88  CONTINUE 
9 C  CONTINUE 
AM=MM 

AVERR=S£/AM _ 

AVDEv=SAE/AM 

STD EV  =  SORT (SES/ { AN-1 .0  )  ) 

MRJ  1 L (6,1241 

124  FORMAT ( 1H0,  20x,  7HAV.ERR.,  10X*  7HAV0EV • ,  10X,  7HST.DE 
IV.  ) 

R  1  T  E  (  6  , 12b)  AVERK,  AVCEV,  STDEV  _  _  _  _ 

125  FORMAT  (  lh  ,9x,3(7X,  1-10.6)) 

STOP 

END 
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c 

A  -  6  8 

c 

DATA  1NPIT 

c 

c 

FIRST  CARL  CONTAINS  THE  NUMBER  UF  POINTS 

IN  14  FORMAT 

C 

MX  1  MM  CAROS  CONTAIN  OAF  A  IN  FORMAT  502 

c 

c 

C  _ SAMPLE  lLTPLT 

C 


• 

o 

n 

46364790D 

C6  B  =  0. 

619554220  00 

fe¬ 

ll 

o 

• 

453560690 

06  8  —  0 . 

613582350  CC 

A  =  C  . 

^47823160 

06  8=0. 

61087 3300  GO 

fe¬ 

ll 

o 

• 

432h44  18D 

C  6  8  =  0. 

6C9014960  00 

ALPHA 

=  0.4039365C0  C4 

d  El  A  =- 

0.129135880  01 

GAMMA  = 

0.577700580-01 

CELTa  = 

-0  .  710689730-05 

T(  J) 

PA ( J  »  K ) 

Z  (  J  »  K  ) 

ZCAL ( J  *  K ) 

l)E  L  Z  (  J  »  K  ) 

PERC ( J ,K) 

581.69 

69.33 

€.96699 

0. 97216 

-0.00517 

-0.5347 

581.69 

117.82 

C. 548^9 

0.95214 

-0.00375 

-0.3952 

581.69 

167.20 

C.  92850 

0.93120 

-0.00270 

-C. 2908 

581.69 

216.88 

C. 90840 

0.90958 

-0.0C1 18 

-0.1301 

581 . 65 

266.65 

0.88758 

0 . 86726 

0.00032 

0.0365 

581.69 

316.55 

0.86538 

0. 66409 

0.00129 

0.1496 

581.69 

366.47 

0.64228 

0.84001 

0.00227 

0.2689 

581.65 

394.23 

0.83128 

0 . 82665 

0.00463 

0.5575 

581.65 

419.22 

C. 81901 

0.81396 

0.00505 

0.6170 

581.69 

468.79 
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C _ 

C  PROGRAM  NUMBER  5 

C 

£  CONTROL  CARDS 

C 

C  THIS  PRLGRAM  IS  ESSENTIALLY  THE  SAME  AS  PROGRAM  NO.  2. 

C  THEREFORE*  ONLY  THE  MaIN  LINE  PROGRAM  IS  PRESENTED. 

C  I H E  SUBROUTINES  USED  IN  THIS  PRUuRAM  ARE  THE  SAME  AS  IN 

C  PROGRAM  NUMBER  1. 

c . _ _ _ _ _ _ _ _ _ _ _ 

C  ThE  EQUATION  OF  STATE  IS  REPRESENTED  BY  A  POWER  SERIES 

C  UP  TO  FOURTH  DEGREE  IN  RECIPROCAL  VOLUME 

£ UP  TO  SECOND  DEGREE  IN  RECIPROCAL  TEMPERATURE 

C 

REAL  Z(30QJ,  PA(30Q),  T(300),  T  T ( 5  > 

DOUBLE  PRECISION  A(lfa.l6) .  D(16,lc>),  0(16. 161 .  P(16,16) 
L,  v(icit),  DE13Q0) ,  BC16),  G (  16)  f  X(  16)  ,  TT1(5),  DO, 

2  V  R I  A  L  2  ,  VR  I  A  L3  ,  VR1AL5,  xTaU,  XTRE,  XFIV,  XSIX,  XA I T , 
_ 3XNIN,  XELN  »  XTWL,  VR i ALA _ 

INTEGER  N,  NUUT,  ITER,  MM 
C 

u  The  VlmPcKaT uRLS  AT  fetHI CM  THE  VInIAl  COEFFICIENTS  ARE 

C  TU  BE  uALCuLATED  ARE  READ  IN. 

C 

REALK5.S45)  (TT(ITP).  ITP=lt4) 

545  FORMAT (4F6.1J 
C 

C  DATA  INPUT 

C 

REAL  (5,501)  N,  NLLT,  ITER,  MM 

501  FORMAT  (4I4J _ 

R= 10.7335 

AM  =  MM 

DU  11  1=1, MM 

READ  15, 5021  TEMP,  PRES,  CCMP 

502  FORMAT  1 8  X ,  FT. 2,  6X,  F8.2,  31X,  F8.5) 

_ T ( I  )  =  1 ,8*( TEMP+273. 16) _ 

P A ( I  )  =  PRES 
Z  (  I  )  =  C  C  M  P 

0Em  =  PftES/ICQMP»10.7335*T  II  li 
II  CONTINUE 
C 

C _ GENERATE  MATRIX  A(  1  ,  J  ) _ 

C 

DO  15  1=1, N 
B(U«0.0 

DO  lc  J=1,N 

A ( I , J ) =0  .0 

16  CONTINUE _ 

15  CONTINUE 

DO  20  1=1, MM 
DD  =  D t ( I  )  *  D  E  (  i) 
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FY  =  (Z(  I  )  —  1  .0  L/DJE  (  Li 


G ( 1 )  =  1.0 

G  (  2  )  =  l.Q/T(I)*10.0**J 

Gli)  =  1 .0/ H I  )**2*1G. 0**6 

Gl4)=DE(  I  ) 

u( 5i=Q£(  i)/T( 1  )  *10. 0**3 

G( 6  }  =U  E  <  1  )  ✓  T (  I  )  **2*10. 0**6 

G( 7) =0D 

G(  6  )  =  DD/T  (  I  )  *10.C**3 

G( 9  )=Du/T(  l  )  **2*10. 0**6 

G (  LO  )  =CD*DE (  I  ) 

G(  11  )=OD*OE<  I  )/T( I )* 10. 0**3 

G(12)=0D*UE(I)/T(I  )  **2*10. 0**6 

25 

DO  25  J=1,N 
b  (  J  )  =  B  (  J ) +F  Y*G  (  J  ) 

CONTINUE 

CO  27  K=1,N 

DO  26  L  =  1 ,  N 

A(t<v»L)=A{K»L)+G{R)*G(L  ) 

28 

27 

20 

CONTINUE 

CONTINUE 

CONTINUE 

C 

c 

c 

sulutiln  of  linear  equations  bY 

M1ATRIX  INVERSION 

505 

WRITE  (6,505) 

FuRMAT (  1HG , 25X ,  1 4 h  MATRIX  All, 
aR  1  T  E  (  6  , 604 )  (  {  A  (  I  ,  J  )  ,  J=1,N), 

J  )  ) 

I =1 ,N) 

504 

FORMAT { 1H0,  (15X,  4E15.6)) 

FAC= 1C . 0**5 

DO  2  1=1,  N 

1 

DO  1  J=  1 ,  N 

Al  I  ,  J  )  =  A ( I , J ) *F AC 

CONTINUE 

2 

CONTINUE 

CALL  PAR TNI  A,  C,  U,  N) 
IF(NGUT.EQ.l)  GO  TO  200 

506 

WRITE  (6,506) 

FORMAT  l  lFiO,  25X,  14M  MATRIX  L(I 

WRITE  (6,504)  (  ( D (  I  , J )  ,  J=1,N), 

,  J  )  ) 

i  -=  i ,  n  ) 

50  7 

WRITE ( 6 , 5C7) 

FORMAT ( 1H0 ,  25X,  14H  MATRIX  U(I 

WRITE  ( 6,504  i  l(U(I,J),  J=1,N), 

,  J  )  ) 

I  =  1 »  N ) 

r 

20C 

CONTINUE 

• 

c 

DETERMINATION  OF  INVERSE  MATRICES 

c 

CALL  INVERID,  U,  P,  0,  N,  NOUT ) 
DU  7  C  1  =  1, N 

DO  6S  J=1,N 
D ( I , J ) =0  .0 
CO  6  6  K=1,N 
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_ Oi  1  »  j)=G(  1  ,  J  )+P(  I  ,K)*U(K,  J  )*FAC _ 

68  CONTINUE 
6  S  CONTINUE 

7 C  C C N TINUE  _ __ _ _ _ 

WRI TE(6* 512) 

512  FORMAT (  1  HO  »  25 X  »  18H  INVERSE  OF  A (  I , J )  ) 

_ WRITE  (6.504)  ((Dili J) > J=1 «N) .  1  =  1, N) 

C 

C  CHECK  OF  INVcRSIGN 


GO  73  1=1, N 
DO  72  J=1,N 

_ Ui  I, JJ.  =  Q,0 _ _ _ 

DO  71  K=1,N 

Ui  I  ,  J  )  =  U(  I  ,  J)+A( I ,K)*D(K, J )/FAC 

71  UfiMl.NU£. _ ___ 

72  CONTINUE 

73  CONTINUE 

WR 1 T  E ( 6 , 5 13  ) _ 

513  FORMAT ( 1H0 ,  25a,  19H  CHECK  uF  INVERSION  ) 

WRITE  (6,504)  (  (  U  (  I ,  J  )  ,J  =  1»N)  »  1  =  1, N) 

CALL  iH&ftQlAi  u,  U,  EL*  flj  N ,  ITER) 

DO  9  1  I=1,N 
X(I)=0,0 

_ DO  9Q  J=1,N _ 

xm*x(  i  )+o(  i ,  j)*b(  j ) 

SC  CONTINUE 
SI  CONTINUE 

taRITEi 6,515) 

515  FORMAT ( 1 HO ,  25X,  16H  FINAL  SOLUTIONS  ) 

XTWO  =  X( 2)*1Q.Q**3 _ 

X  T  K  E  =  X l 31*10.0**6 
XF  I  V  =  X( 5 )* 10. 0**3 
XS 1X^X161*10 >0**6 
X  A 1 T  =  X ( 8) *10 *0**3 
XNIN=X(9 )*10.0**6 

XELN  =  X(  11?*10.Q**3 _ 

XT WL=X ( 1 2 ) *10 . 0**6 

WRITEIo,516)  Xil),  XTWO,  ATRE,  X(4),  XFIV,  XSIX,  X(7), 

1 X  A  I  T  ,  Xn  In  ,  X  (  1C)  »  X  ELN  ,  XTwL 

516  FORMAT ( 1HQ, 15X, • THE  CONSTANTS* /15a, ' BO  =',  E15.8,  2X, 

1*81  =',  E15.8,  2  X ,  *  B2  =',  E15.8/15X,  'CO  =*,  E15.8, 

22X,  'Cl  =  «,  E  1  5  •  8  ,  2  X ,  *C2  =  «,  E15.8/15X,  *  DO  =»  ,E15.8, 

32X ,  *  G 1  =',  E15.8,  2  X ,  *02  =*,  E15.8/15X,  *EC  =',E15.8, 

42X ,  *  E 1  =*,  E15.8,  2  X ,  *E2  =*,  E15.8) 


C  CALCULATION  OF  ViRIAL  COEFFICIENTS 

C 

_ DO  35  I T  P  =  1 ,4 _ 

TTT1 ITP)=1.8*( TT( I  TP) +27 3.  16) 

VRIAL2=X(1) +XTWC/TTT ( ITPI+XTRE/TTT ( 1  TP ) **2 
_ _  VRIAL3=X14)+XFIV/TTT1ITP)+XS1X/TTT1ITP)**2 
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_ V R I  A  L4  =  X ( 7  )  +XA  1 1  /TTTU  rP)+XNlN/TTT(  ITP)»*2 _ 

VRIAL5=X( 10)+  XELN/T FT { I  TP ) +  XT nL/ TT T ( I  TP ) **2 
WRITE(6,546)  TT(ITP),  VRIAL2»  VRIAL3,  VRIAL4,  VRIAL5 
546  FORMAT  ( 1H0 » 15X»  •  lfcMP.  PEG*  C.  1-7.1/ 

1  l5Xt *  1 VIRIAl  lUeFFICIENT  NO.  2  =*,  E15.8/ 

2  15X,  'VIRIAl  COEFFICIENT  NO.  3  £15.3/ 

_ 3  15X,  1  V  I  k  1  A  L  COcFFlCIENT  IMU  .  4  =«  L  E15 . 8/ _ 

4  1 5  X  t  'VIRIAL  COEFFICIENT  NO.  5  E15.8) 

35  CONTINUE 

£ _ _  :  *  .•  ,  .  ,  - _ _ _ 

C  CHECK  CF  S0LU1 IuNS 

C 

_ WRITE(6,531) _ 

^31  FORMAT ( 1H0 , 13X ,7HPt  PSI A ) , 3X,9HT { OEG. R . ) , 5X , 1HZ , 7X , 

1  7HZ { CAL  .  )  »  5  X  »  4HDEV.,7X,  '%  DEV.') 

SE~0 .  Q 
bP-C.O 
SE  S  =  C  .0 

_ DO  92  1=1, MM _ 

DD=DE ( I ) *DE (  I  ) 

F  Y  =  ( Z ( 1 )-l . 0 ) / DE  (  I  ) 

W  =  1  .C  +  DL  li  )  *£  X(  1  )  +XTWO/T  (  I  H-ATRE/T  (  I  )**2  )  +  UU * (  X  (  4  )  +  X F  I  V 
1/T (I)+XSIX/T(I) **2 )+DD*DEC I ) *(X C7> +XAIT/T( I ) +XNIN/ (TCI) 
2**2  )+CD*DD*( X(  10 ) +XELN/ T ( I  )+XTWL/T(  1 )**2) 

_ ER  =  AlS(h-Z(  I )  ) _ 

ERSu=ER*ER 
OEV=ER/Z( I J*100. 

S£=St+ER  _ _  ■  _  _ _ 

5P  -  S  P + D  E  V 
$ES=SE3+EkSU 

WRITE(6,535)  PA(I),  T(I),  Z(I),  W,  ER,  UEV _ 

535  FORMAT (  lh  ,  15X,  2F1C.2,  3F11.5,  F10.4) 

92  CONTINUE 

SEK=SE/AV . . 

SPR-SP/AM 

3Tl)E  V=SuRT  { SES/MM  ) 

_ wRITE(  6,537)  SER,  SPR _ 

537  FORMAT  (1H  ,  1 5X ,  1CHAVE.DEV.  =,  F10.6,  5X, 

1  12H AVE . PC . DEV .=  *  F12.6) 

WRITE ( 6 t d38)  3TDEV 

338  FORMAT! 1H#20X,  •  ST.  DEV.  = ■ t  E15.8) 

STOP 

END 
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£ _ 

C  DATA  INPUT 

C 

C  H  I  in  5  T  CARD  READS  THE  POUk  TEMPERATURES  AT  WHICH  THE 

G  VIRI  AL  GGEFFIC IENTS  APE  TO  BE  CALCULATED. 

C 

C _ SECOND  CARD  READS-  NUMBER  UP  CONSTANTS  IN  THE  EQUATION 

C  GF  STATE,  NUUT  1=1  PUR  SUPPRESSING  THE  PRINT-OUT  GP  L 

C  AND  U  MATRICES,  ITER  (=1  FCR  THE  SUBROUTINE  PGR  IMPRU- 

£_  MEMEfll  Qi  IMZASJm  NOT  US.E,Q.i...»,  and  MM  (  =  N  u  m  u  E  R  OF  data 

C  POINTS  USED  FOR  CORRELATION). 

C 

£ _ 

C  THIRD  CARL)  TO  CAkD  NUMBER  IMM+3)  READ  THE  DATA  POINTS 

C  ACCORDING  TO  THE  FORMAT  502  (EACH  CARD  CONTAINS  VALUES 

U  TEMPERATURE  »  PRESSURE  AND  COMPRESSIBILITY  FACTOR) 

C 


C 

C  DATA  OUTPUT 

X _ 

C  THE  PRINT-OUT  FOR  MATRIX  A(I,J),  INVERSE  OF  A(I,J),  AND 

C  THE  CHECK  GF  INVERSION  Is  NOT  INCLUDED  IN  THE  OUTPUT. 

U  UNITS  QF  PRESSURE  -  POUNDS  PER  SUUAkE  INCH 

C  UNITS  OF  VOLUME  -  CUdIC  FEET  PER  POUND  MOLE 

_C _ UNITS  uF  TEMPERATURE  -  DEGREES  RANKINE _ 
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FINAL,  solutions 


THE  CONSTANTS 

BO  =  0.410989420  Cl  61  =-0.519*58070  04  82  =  0.736964030  06 

CO  =-0.2322 JZObD  C2  Cl  =  0.31757097D  05  C2  =-0.896423000  07 

DO  =  0 . 38557  776D  02  U1  =-0.566504510  05  D2  =  0.17461682D  08 

tC  =-0.990337100  01  tl  =  0.20274C39D  05  E2  =  -Q .699258040  07 

TERP.  uLb.  ^  =  50.0 

VI RIAL  COEFFICIENT  NO.  2  =-0.263118400  01 
VIRIAL  COEFFICIENT  NG.  3  =  C. 487442090  01 

VIRIAL  COEFFICIENT  NG.  4  =-0.676619100  01 _ 

VIRIAL  COEFFICIENT  NO.  5  =  0.428^38750  01 

1L fiEi  LEG.  C.  =  75. C 

VIRIAL  COEFFICIENT  NO.  2  *-0.229269400  01 
VIRIAL  COEFFICIENT  NG.  3  =  0.462232030  01 

VIRIAL  COEFFICIENT  NC.  4 _= -0 .692b46070  01 _ 

VIRIAL  CCEFFIC  IENT  NG.  5  =  C. 464301360  01 

TERP.  DEC.  6.  =  100.0 

VIRIAL  COEFFICIENT  NG.  2  *-0.198136140  01 
VIRIAL  CCEFFIC  IENT  NG.  3  =  0.418325290  01 

VIRIAL  COEFFICIENT  NG.  4  =-Q  .  6634 7o59P  01 _ 

VIRIAL  CG EFFICIENT  NG.  5  =  0.478139330  01 

TERP.  PEG.  Qj,  =  126.0 

VIRIAL  COEFFICIENT  NO.  2  =-0 . 1 6 S 3 2 o 320  01 
VIRIAL  COEFFICIENT  NU.  3  =  0.363140740  01 

V  1  R  1  A  L  C CEFF 1C  IENT  NC .  9  =-0.605223990  01 _ 

VIRIAl  COEFFICIENT  NO.  5  =  0.477141280  01 


PtPSIA) 

T ( uEu.K.  J 

l 

Z ( CAL  .  I 

OEV. 

%  DEV. 

69. 33 

581.69 

0. 96699 

0.97042 

0.00343 

0.3545 

117.82 

581 . 69 

0.94839 

0.94952 

0.00113 

0.1195 

167.20 

581.69 

0.92850 

0.92801 

0.00049 

C.0531 

216.88 

581.69 

0. 90640 

0.90614 

0.00226 

0.2484 

260.69 

581.69 

0 .88758 

0.38393 

0.00365 

0.4109 

316. 55 

58i.o9 

0 . 86538 

0.86127 

0.00411 

0.4753 

866.47 

581 .69 

C. 84228 

0.83812 

0.00416 

0.4934 

394.23 

581.o9 

G. 83128 

0.82544 

0.00584 

0.7023 

4 19.22 

581 .69 

0.81901 

0.81352 

0.00549 

0.6/08 

468. 79 

581.69 

0.79392 

0. 78938 

0.00454 

0.5723 

518.44 

581.69 

0.76 762 

0.76444 

0.00318 

0.4148 

568. 17 

5ol .69 

0.73987 

C.  73851 

0.00136 

0. 1844 

617.94 

581.69 

0. 71C37 

0.71134 

0.00097 

0.1371 

717.57 

581.69 

0 . 64346 

0.65135 

0.0C789 

1.2261 

817.27 

581 .69 

0.56010 

0.57772 

0.01762 

3.1465 

916.95 

581.69 

0.43569 

0.46309 

C.0274C 

6.2889 

1016.65 

581 .69 

C. 27988 

0. 27752 

0.00236 

0.8418 

1216.71 

581.o9 

0.27068 

C. 25835 
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P  (  PS  I  A  ) 

7 ( DEG.K  .  ) 

L 

Z ( GAL  .  ) 

DEV. 

%  DEV. 

1 A  16*  83 

561 .69 

0. 29382 

0.28271 

0.01111 

3.7809 

1616.95 

5  al .69 

0. 32086 

0. 31233 

0.00853 

2.a5  73 

1817.11 

561 . 69 

0.34937 

0. 34251 

0  •  006  86 

1.9628 

2017.24 

581.69 

0.3  7802 

0.37370 

0.00432 

1 .1929 

2517.60 

581.69 

0.45035 

C . 44866 

0 .QC169 

0.3749 

2018.01 

581.69 

0.52116 

0. 52482 

0.00366 

0.7015 

2518.40 

581.69 

0.59149 

0.59628 

0.00979 

0.8105 

4  CIS. 8  7 

581.69 

0 . 6a  122 

0.66355 

0.0023.3 

Q  .3513 

4519.30 

581.69 

0.72804 

0. 73893 

0.01089 

1.4952 

5C19. 80 

581.69 

0.79618 

0.80129 

C.0051 1 

0.6418 

93.81 

626.69 

0 .96498 

0.96781 

0.00263 

0.2933 

118.21 

62a  .69 

0. 95782 

0.95945 

0.00163 

C. 1700 

167.55 

626.69 

0.94239 

0.94250 

0.00011 

0.0121 

217.20 

626.69 

0.92691 

0.92545 

0.00146 

0.1570 

267.00 

626.69 

C. 91092 

C. 90832 

0.00260 

0.2859 

316. 90 

626.69 

0.89462 

0.89111 

0.00351 

0.3927 

366.81 

626.69 

0.87764 

0.37380 

0.00384 

0.43  78 

416. 75 

626.69 

0.86073 

0.8564a 

0.00427 

0.4960 

469.20 

626.69 

0.84451 

0.83848 

0.00603 

0.7141 

518.84 

626 .69 

0.82641 

C. 82100 

0.00541 

0.654.8 

568.86 

626.69 

0.80798 

0 . 80337 

0.00461 

0.5709 

618.31 

c2o  •  t>9 

0.78897 

0. 78553 

0.00344 

0.9361 

717.93 

626.69 

0.74921 

0.74908 

0.00013 

0.0171 

817.66 

626.69 

0.70685 

0.71126 

0.00441 

0.6237 

917.47 

626.69 

0.66159 

0.67149 

C.C0990 

1.9962 

1017.30 

626.69 

0.61278 

0. o2881 

0.01603 

2.6157 

1217.04 

626.69 

0.5085  7 

0.53187 

0.02330 

9.5818 

1416.95 

62o .69 

0.42786 

0.43785 

0.00999 

2.3351 

1616.98 

6  2  6  .  o  9 

0.40273 

0. 39979 

0.00809 

1.9959 

1817.  10 

626.69 

0.40741 

0. 39030 

0.01711 

9. 1999 

2017.21 

626. 69 

0.42329 

0.40244 

0.02085 

9.9255 

2517.54 

626.69 

0.47798 

0.45891 

0.01907 

3.9899 

2017.94 

62  6. a  9 

0.53992 

0.52607 

0.01385 

2.5659 

3518.32 

626.69 

0.602  50 

0.59869 

0.00381 

0.6327 

4C18. 77 

626.69 

0.66587 

0.67008 

0.00921 

0.6321 

4519. 19 

626 .69 

0. 72845 

0. 74285 

0.01990 

1.9763 

5C19.69 

626 .69 

0.79126 

0.81206 

0.02080 

2.a283 

93.86 

671.69 

0.97096 

0.97417 

0.00321 

C. 330a 

118.22 

671.69 

0.96553 

0.96752 

0.00199 

0.2066 

167.44 

671.69 

0.95360 

0.95413 

0.00053 

0.0557 

217.06 

6  71.69 

0.94128 

0. 94069 

0.00059 

0.0629 

266. 84 

671.69 

C. 92930 

0.92732 

0.00198 

0.2136 

316.69 

671.69 

0 . 9  1  o  8  9 

0.91397 

0.00292 

0.3181 

366 . 60 

671 .69 

0.90439 

C.  9006  9 

0 . 003  70 

0.9090 

416. 53 

671.69 

0.89172 

0 .88747 

0.00925 

0.97 6 9 

466. 46 

6/1  .69 

0.87885 

0.87430 

0.00955 

0.5178 

519.17 

671.69 

0 . 86541 

0.86050 

0.00991 

0.5672 

568. 87 

671 .69 

G. 85205 

0.84747 

0.0C958 

0.5373 

618.61 

671.69 

0.83844 

0  •  8  3996 

0.00398 

0.9751 

718.25 

671.69 

0.81073 

0.80847 

0.00226 

0.2785 
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P (PSIA) 

T (LEb.R.  ) 

L 

Z( CAL. ) 

DEV. 

%  DEV. 

El  7.97 

6/1.69 

0. 78229 

0.78251 

0.00022 

0.0277 

917.76 

671.69 

0.75320 

0.75649 

0.00329 

0.43  73 

1017.60 

671.69 

0.72350 

0.73034 

C. 00684 

0.9448 

1217.3b 

6  7  1  .  o  9 

D . 66368 

0.67745 

0.01377 

2.0749 

1417.27 

671.69 

C  .60637 

0.6240 7 

0.01770 

2.9189 

1617.23 

671.69 

0.5591 1 

0.57384 

0.01473 

2.6343 

1617.30 

671.69 

C. 52912 

0. 53442 

0 .00530 

1.0021 

2017.45 

671.69 

1.51633 

0.51123 

0. 0C51C 

0.9869 

2517. 72 

671.69 

0.53256 

0.51281 

C. 01975 

3.7091 

3018.15 

671.69 

0.57607 

0 . 55655 

0.01952 

3.3889 

3518.48 

671.69 

0.62832 

0 • 6 1 60  4 

0.01226 

1 . 9549 

4018.93 

671.69 

0.68356 

0. 68264 

0.00092 

0.1342 

4519.36 

671.69 

0. 74019 

0.75189 

0.01170 

1.5812 

5C19. 88 

671.69 

0.79753 

0.82145 

0.02392 

2.9990 

118.23 

716.69 

0.97121 

0.97406 

0.00285 

C. 2932 

167.48 

716.69 

0.96220 

0. 96343 

0.00123 

0.1280 

217.0  8 

716.69 

0.95275 

0.95282 

0.00007 

0.0073 

266. 84 

7  1  o . o9 

0.94323 

0. 94227 

0.00096 

0.  1014 

316.68 

716.69 

0.933  77 

0.93182 

0.00195 

0.2091 

3o6 . 30 

71o.69 

0.92404 

C. 92143 

0.00261 

0.2820 

416.51 

716.69 

0.91452 

0.91116 

0.00336 

0.3672 

466.45 

716.69 

0. 9C489 

0.90098 

0.00391 

0.4320 

510.41 

710.69 

0.89519 

0. 89C89 

0.00430 

0. 4804 

569.31 

716.69 

0 . 88300 

0. 86009 

0.00291 

0.3292 

619.04 

716.69 

0.87276 

0.87016 

0.00260 

0.2978 

716.66 

71o.69 

0.85230 

0.85052 

0.00178 

•  0.2083 

818.36 

716.09 

0 . 8  3  i  4  8 

0.83115 

0.00033 

0.0402 

918.14 

716.69 

0 . 8  1 C  7  8 

0. 81207 

0.00129 

0. 1587 

1017.98 

716.69 

0. 7900o 

0.79324 

0.00318 

0.4025 

1217.73 

716.69 

0.74903 

0. 75630 

0.00727 

0.9711 

1417.63 

716.69 

0.70991 

0.72043 

C. 01052 

1.4813 

1617.59 

716.69 

0.67490 

0.68623 

0.01133 

1 . 6788 

1817.63 

716.69 

0.64589 

0 • 65496 

0.00907 

1.4039 

201  7  .68 

716.69 

0 . 6  248  3 

0. o2873 

0.0C390 

0 • 6244 

2517. 8  o 

716.69 

1.60949 

0. 59038 

0.01311 

2.1516 

3016.21 

716.69 

0.62945 

0.60875 

0.02070 

3.2884 

3518.55 

710.69 

0.66682 

0. 69-875 

0.01807 

2.7104 

4018.98 

716.69 

0.71233 

0. 70292 

0.00941 

1.3206 

4519. 39 

716.69 

0.76017 

0.  76  72  0 

0.00709 

0.9332 

5019.87 

716.69 

0.81086 

0.83450 

0.02364 

2.9148 

AVE.QEV.  =  0.006991  A V c . PC  . DE V . =  1.17o943 


ST.  DEV.  =  0.95335618E-02 
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A-79 


L _ 

C  PROGRAM  NUMBER  6 

C 

C  THlo  PROGRAM  IS  SIMILAR  TO  PROGRAM  NUMBER  3  IN  EVERY 

C  RESPECT  EXCEPT  THAI  THE  EQUATION  OF  STATE  FITTED  TO  THE 

C  LATA  IS  A  PO*«ER  SERIES  IN  PRESSURE  AND  RECIPROCAL  TEMP- 

G  ERATUkE  IN  PLACE  CF  RECIPROCAL  VOLUME  AND  RECIPROCAL _ 

C  TEMPERATURE . 

C  THESE  COEFFICIENTS  ARE  NOT  THE  SAME  AS  THE  COEFFICIENTS 

C  EVALUATEu  IN  THE  LAST  PROGRAM.  BUT  AKt  RELATED. 

C  THE  FINAL  kEoULTS  FOR  THE  SAME  DATA,  MIXTURE  NUMBER  2 

C  CONTAINING  63.32  MOLE  PERCENT  ETHANE,  AS  USED  IN  THE 

l_ previous  program  are  presented  below. 

C 


FINAL  SLLCTiCNS 


THE  CONSTANTS _ _ _ 

BO  =-C .  Id  786 u3bD-02  B1  =  C.X069C9920  02  d2  =-0.386796330  04 
CO  =  0 .934005040-05  01  =-0.125477690-01  02  =  0.41695171D  Cl 
QjQ  =-0 .298341450-08  01  =  C  .  390  7  5  1  390-05  02  =  -C>  .  124972590-02 


EO  =  0 • 2d  34  70  340- 1 2  El  =-C . 3675 99720-09  E2  =  0.114820570-06 


TEMP.  CEG.  C.  = _ 5Q.C _ 

VIRIAL  COEFFICIENT  NO.  2  =-0.630873450-03 
VIRIAL  COEFFICIENT  NO.  3  =  G .  91 4395580-07 
V.lNlAL  c  Q  L.  EJEJLCJUE  N  T  NU.  4  =  0  .*06605830-  10 
VIRIAL  COEFFICIENT  NO.  3  =-0.713958340-14 

TEMP,  DEC.  C.  = _ 75.0 _ 

VIkIAl  COEFFICIENT  Nu.  2  =-0.367857680-03 
VIRIAL  COEFFICIENT  NO.  3  =-0.657623510-07 
vlrlAL  COEFFICIENT  NO.  4  =  0,696836630-10 
VIRIAL  COEFFICIENT  NO.  3  =-0.874568070-14 

TEMP.  PEG.  C.  =  10Q.0 _ 

VIRIAL  COEFFICIENT  NO.  2  =-0 . 23 5332980-03 
VIRIAL  CCEFFICiLNT  NO.  3  =- C  .  99 2 234 5 50-07 
VlfsiAL  COEFFICIENT  NO .  4  =  Q.64C43165D-10 
VIRIAL  LLLFFICIENT  NU.  5  =-0.730909640-14 

TEMP.  PEG.  C.  =  123. C 

VIRIAL  COEFFICIENT  NO.  2  =-0.191903940-03 
VIRIAL  COEFFICIENT  NU.  3  =-0.503842170-07 
VIRIAL  COEFFICIENT  Nu.  4  =  0. 357015030# IQ 
VIRIAL  CCEFFICILNT  Nu .  3  =- C . 3902 13  1 30- 14 
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A-60 


P (PSI A) 

T  (  U  fc  G  .  K  .  i 

L 

Z ( CAL •  ) 

DO  tV  . 

%  DEV. 

69.33 

561.69 

0.96699 

0.9567  1 

0.01028 

1.0628 

117.82 

581.69 

0. 94839 

G. 92700 

0.02139 

2.2550 

167.20 

561.69 

0.92850 

0.89726 

0.03124 

3.3648 

216.8b 

581.69 

0.90840 

0.8678  7 

0.04053 

4.4612 

2  66. o  9 

561.69 

0. 88  loQ 

0.8389  i 

0.0^859 

5.4744 

316.56 

581.69 

0.86538 

0. 81068 

0.05470 

6.3213 

366.47 

581.69 

0.84228 

0.78296 

0.05932 

7.0433 

394.23 

581.69 

0. 83128 

0. 76782 

0.06346 

7.6338 

4 19.22 

581 .69 

0.8  1901 

0.  7543  7 

0 • 06464 

7.8924 

4  8  8. 79 

581.69 

0.79392 

0. 72819 

0.06573 

8.2787 

516.44 

581.69 

0.76762 

0 . 70266 

0.06496 

8.4626 

568. 1 7 

581 .69 

0.73987 

0.67779 

0 . 06206 

8.3909 

617.94 

581  .69 

0.71037 

0.65362 

0.05675 

7.9882 

71  f .  57 

581.69 

J • 64346 

0.60751 

0.03595 

5 . 5864 

817.27 

581.69 

0.56010 

0. 56449 

0.00439 

0.7839 

916.95 

581.69 

0.43569 

0.52470 

0.0890 1 

20 . 43  CO 

1016.65 

561 .69 

0.27988 

0.46822 

0.2C834 

74.4397 

1216.71 

561 .69 

0 . 2  7068 

0. 42537 

0.1 5469 

57. 1472 

1416.83 

581.69 

3.29382 

0. 37658 

0.06276 

28.1682 

1616.95 

581 .69 

0 . 32086 

0. 34207 

0.02121 

6.6110 

1817.11 

581.69 

C . 34937 

0.32167 

0.02770 

7.9273 

2017.24 

581 .69 

C. 37802 

0. 31  501 

0.06301 

1 6 • o  0 78 

2517.60 

581.69 

0.45035 

0. 35328 

0.09707 

21.5537 

3C18.01 

581.69 

0.52116 

0.45436 

0 • 06660 

12.8179 

3518.40 

581 .69 

0.59149 

0.58923 

0.00226 

0.3826 

4018.87 

581.69 

0.66122 

0.71823 

0.05701 

8.6217 

4519.30 

581 .69 

C. 72804 

0.79134 

0.06330 

8.6945 

5C19. 80 

581.69 

0.79618 

0.74717 

0.04901 

6.1562 

93.81 

626 .69 

C. 96498 

0.96497 

0.00001 

0.0012 

116.21 

626.69 

0.95  782 

0.95571 

0.00211 

0.2204 

167.55 

626.69 

0.94239 

0.93684 

0.00555 

0.5891 

217.20 

c26 . 6  9 

0.92691 

Q. 91769 

0.C0922 

0.9944 

267.00 

626. 69 

0.91092 

0.89637 

0.01255 

1.3772 

316.90 

626.69 

0.89462 

0.87895 

0.01567 

1.7516 

366. 61 

626.69 

0.87764 

0.85950 

0.01814 

2.0670 

416. 75 

626 .69 

0. 860  73 

0  •  8  4 0 C  6 

0.02067 

2.4020 

469.20 

626.69 

0 .84451 

0.81970 

0.02481 

2 .93  79 

518.04 

62o.69 

0.82641 

C . 600^4 

0.02587 

3. 1308 

568 . 5o 

626.69 

0.80798 

0.78149 

0.02649 

3.2788 

618.31 

626.69 

0. 78897 

0.76260 

0.02637 

3.3419 

717.93 

626.69 

0.74921 

0.72547 

0.02374 

3.1685 

817.66 

626.69 

0.70685 

0 . 68943 

C. 01742 

2.4650 

917.47 

626.69 

0.66159 

0 . 65476 

0.00683 

1.0325 

1017.30 

626.69 

0.61278 

0.62171 

0.0C693 

1 .45  75 

1217.04 

626.69 

0.50857 

0.56132 

0.05275 

10.3715 

1416.95 

626.69 

0 . 4 2  786 

0.50972 

0.08186 

19.  1327 

1616.98 

626.69 

0.402  78 

0.^6805 

0.06527 

lb.2061 

1817.10 

626.69 

0.40741 

0.43718 

0.02977 

7. 3082 

2017. 21 

626.69 

0.42329 

0. 41753 

0.005  16 

1 • 3608 

2517. 54 

626.64 

0.47  798 

1 *41768 

0.06030 

12.6161 
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0.00590 

0.6817 
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6  71.69 

0.8  38^4 

^.b305<t 
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6  71.69 

0.81073 
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0.00916 

1. 1302 

817.97 

671 .69 
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0.00940 

1.2021 

917.7c 
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0.75320 

0 .  7447  6 
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1 .1202 

1C17. 60 
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0.72350 
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0 ,00bQ8 
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1217.36 
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0 . 66368 

0.66594 
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0 • 3404 
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671 . 69 

0.60637 

0.61997 

0.01 3oC 

2.2436 
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C.  5  591  1 
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C. 97121 

0 • 97666 
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0.96220 

0.96661 

0.00441 

0.4583 

217.08 
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0.95275 
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0.00357 

0.3750 

266.84 

716.69 

0.94323 

0.94586 

0.00263 

C.2791 

316.68 

710.69 

0 . 9  J  3  7  7 

0.93527 
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0. 1604 

366. 5c 
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C. 00053 
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0 . 0 1 0o9 
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C _ 

C  PROGRAM  RUMBlk  7 

C 

£ _  IH  THIS  PROGRAM  I  Ml  DATA  ARE  CORRELATED  bY  GENERATING 

C  A'SH  OF  ORTHOGONAL  POLYNOMIALS.  THE  POL YNCM  1  alS  ARE 

C  THEN  CONVERTED  TO  A  POWER  SERIES  SIMILAR  IN  FORM  Tu  THE 

C _ VIkIAL  EQUATION.  ALTHOUGH  THE  COEFFICIENTS  OF  THIS 

C  SERIES  HAVE  BEEN  CALLED  THE  VIRIAL  COEFFICIENTS,  THESE 

C  COEFFICIENTS  DO  NCT  CORRESPOND  TU  THE  VIRIAL  EQUATION 


C 

REAL  G  Z  (  5  0  ,  1 0  )  ,  GXI50),  GY (  10 ) 

_ uGUbLE  PRECISION  Z15C.1Q).  P(8,50),  Ut8.10).  PA<6.8). 

1 Q  8 ( 8 , 8 )  ,  A  i  8  »  8  )  ,  C(8,8),  X(50),  YllC),  ALPX(S),  BETXI8) 
2 , G AMY ( 8  )  ,  DEL Y ( 8  J  ,  XXXB ( 8 )  ,  FXY,  Si,  S2,  S3,  S4,  Tl,  T2 

_ _ ™Jh.„X3^.JL4 .  . 

INTEGER  N,  M ,  KO,  LV 
C 

X_ DATA  READ  IN 

C 

C  N= DEGREE  IN  VARIABLE  X 

Xu.„„„..„„X= U ElG REE.  ...YA R I  A  8  ULJL. _  . . . 

C  KU- NUMBc  R  OF  POINTS  ALONG  THl  X-AXIS 

C  LV=NUMBER  LF  PCINTb  ALONG  THE  Y-AXIS 

X _ G  X  (  K  )  =  ti  N  E  INDEPENDENT  VARIABLE  AT  POINT  (KtL  ) _ 

C  GY ( L  )= ANOTHER  INDEPENDENT  VARIABLE  AT  ( K , L ) 

C  GZ ( K, L  ) = DEPEND ENT  VARIABLE  A I  POINT  (  K , L ) 

c  _ 

READ (5,500)  N,  M ,  KU ,  LV 

500  FORMAT (4<2a  ,  12 ) J 

_ READ ( 5,501)  ( GX ( K ) , K=1 , KU ) _ 

READ! 5,501 )  ( GY < L  )  ,  L= 1 , L V ) 

501  FORMAT ( F 10 . 3  ) 

_  00  4  K  -  1  ,  K  U 

XCM =  G  X ( K ) 

4  CONTINUE 

_ DO  5  L-  1  ,  L  V _ 

Y(L)=1000.0/GY(L) 

5  CONTINUE 

__  KEAl(5,5"2)  ((GZ(K,L),  K=  1  ,  KU )  ,  L=1,LV) 

502  FORMAT! 12X«  F11.5I 
DO  7  K= 1  ,KU 

_ DO  6  L=1,LV  _  _  _ 

Z ( K , L ) =  GZ ( K , L  ) 

6  CONTINUE 

7  CQN1 1NUE 
C 

C  GENERATE  A  SET  OF  ORTHOGONAL  POLYNOMIALS 

_C _ 

CO  10  K= 1 , KU 
P( 1 ,K)  =  1  .0 
10  CONTINUE 


DO  20  L=1,LV 
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_ _._g _ _ _ _ 

2G  CUNT iNUE 
1  =  2 

I  A  =  I  —  1 
J  A  =  J - 1 

_ S 1  =  0 » 0 _ 

S2  =  0 . 0 

DO  30  K=1,KU 

S1=S1+X(K) *P( I-1.K)»P( 1  —  1 «K) 

^2=Sa+R( 1-1 ,K)*P( 1-1, K) 

30  CONTINUE 

ALPX  (  1A)=S1/S2 _ 

BET X ( I  A ) =0 .0 
GO  40  K= 1  ,  KU 

P(  I  >KT^tX(K)^ALPX(  IAH*P(I-1,K) 

40  CONTINUE 
T1=C.Q 

T2=G . C _ 

UG  50  L= 1 »  L V 

Tl-Tl  +  Y(L)*G{J-lfU*G(J-l,D 
T  2=T 2+U ( j-1 , U *Q( J-l »  l ) 

5^:  CQN1 INuE 

GAMY { JA ) =TL/T2 

DEL  Y  <  J A ) =0 . 0 _ 

DC  60  t_  =  1 »  L  V 

g<JtU  =  (Y(LJ-GAMY4JA))*g{J-l,L) 

60  CONTINUE 

WRITE (6* 5041 

504  FORMAT ( 1H  ,  1 9X , 7H A L P X (  i  )  ,  9 X  ,  7HB ET X {  I  )  ,  9X , 7HG AMY ( J ) , 9X  , 

1  7HUELY  (  J  )  )  _ _ _  _  _  _ 

WRITE (6,505)  ALPX(iA),  BETX(IA),  GAMY(JA),  OELYUA) 

505  FORMAT (  IF,  15X,  4E16.8) 

i  \  A  =  i  N  +  I 

MA-N+1 

DO  8 C  1  =  3, NA 

I  A=  I  - 1  _  _  ______ 

S1=0.0 
S2=0 . 0 
S  3  =  0  .  C 
64-6. C 

DO  70  X=1,K'J 

Sl=Sl+X(K)*P(i-l,K)*P<I-l.K) _ 

S2=$2+P  (  1-1  ,  K)*P(  1-1  ,K) 

S3=S3+X<  K)*P(  1-1  ,K)*PU-2,  K) 

64-o4  +  t'  (  1-,  ,K)*PI  1-2. K) 

70  CONTINUE 

ALPX (  Ia)  =  S1/S2 

BETXt IA)=S3/S4 _ 

WK  1 1 E ( 6 , 506 )  ALPX(iA),  BETX(IA) 

506  FORMAT (lh  ,15X,  2E16.8) 

_ DO  75  K=1,KU 

PU  ,KI  =  (X(KI^ALPXUA)  )*P( I-1,KJ-BETX(  IA)*P  (I-2,K) 
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75  CONTINUE _ 

8 C  CONTINUE 

DO  ICO  J  =  3 ,  M  A 
JA=J-1 

T  1  =  0 .0 
T  2  =  C .  0 

_ T3=0 . 0 _ 

T  4  =  G  •  0 

DC  90  L—  1 »  L  V 

T  1  =  T  i±  Y  (  LJ  *Q  i  J  -1 1  L  )  *Q  l  J-l  ,  L  ) . . . . . 

T2— T2*Q t J-l ,l) *Q< J-l » L ) 

T3=T3  +  Y(  L)*U(  J-l  ,  L)*U(  J-2,  U 

_ T4=  T  4  +  '^  1  J-^.  ,L)  »U(  J-2  ,  L  ) _ 

9C  CONTINUE 

GAMY ( JA )=T 1/T2 
DELY ( JA ) =T3/T4 

WAITE (6,507 I  GAMY(JA),  OELY(JA) 

307  FCRMATllH  ,47X,  2E16.8) 

_ DO  95  L  =  1  ,  L  V _ 

U(J,L)  =  (  Y(U -GAMY  <JA)  )*Q(J- 1,L) -DELY  (JA)*Q(J-2,L) 

95  CONTINUE 
IOC  CONTINUE 

WRITE  T6  *,508 1 

508  FORMAT ( 1H0 , 22X  »  1HI,  6X,  1HJ,  10X,  6HA(I,J)I 

_ CO  116  1  =  1, NA _ 

CO  115  J=1,MA 
SI  =0.0 

. S2=C.O 

DC  110  K=1,KU 
DO  105  L=1,LV 

_ S1  =  SHZ(  K  tL  }*Pi  I  ,  K  )  »C ( J  ,  L ) _ 

S2=S2+P( 1  ,K)*P( I,K)*C( J,L)*Q( J,L) 

105  CONTINUE 
UO  CONTINUE 

( I » J >=S 1/S2 

WRlTE(c,5C9)  I,  J,  A  ( I  » J ) 

509  FORMAT  (lhf21X»  12,  5X_,  J_2_,  5X_,  E  16.8  ) 

115  CONTINUE 

116  CONTINUE 

CALL  CHECK  ( GZ,  GX,  GYji  Z,  X,  Y,  Pj-  0  »  A,  N,  M,  KU,  LV) 
NLQlP=uA 

DO  230  I  JKL  =  3, NLCCP , 2 
_ N=I JKL-1  _ 

CALL  CCNVRIFA,  QB  ,  A,  C,  ALPX,  BETX,  GAMY,  DELY,  N,  M, 
1KU,  LV) 

C 

C  CHECK  OF  CONVERSION  ANC  FIT 

C 

_ N  A  =  N+  1 _  _ 

DO  136  L  =  1 , L  V 
wRITE(6,531)  G Y { L ) 

331  FORMAT  I  !H0t23X,  'TEMP.  DEG.  R  =',  F9.4) 

DO  135  1=2, NA 
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_ xxxo (  i  )=c.o _ _ _ _ _ 

I  XXX=  I 

CG  134  J=1,MA 
_ jA  =  J-  1 

XXXfi( I ) sXXXB ( I ) +  C ( I , J ) *Y ( L ) **JA 

134  CONTINUE 

MK1TE  (6,532)  1XXX,  XXXB(I) _ 

532  FORMAT (  1H0,23X,  ‘VIRIAL  CCEFF.  NO.*,  12,  '=*,  E15.8) 

135  CONTINUE 

136  CONTINUE  _ _ 

R I T  E 1 6 1  5 1 0  i 

5 1  C  FORMAT  (  iH0,27X,  4HX(K),  6X,  4HY(L),  7X,  t>H  Z  (  K ,  L  )  ,  7X, 

1  3HERR ,  7X,  ERR) _ 

I  JK  =  0 
S0=C  .0 
50=0.0 
SE  =  0  •  0 
SP=C. 0 

DO  218  C=1,LV _ _ _ _ 

DC  220  K= 1 , KU 
F  X  Y  =  G  .0 
CO  215  1=1, NA 
DO  214  J=1 , M A 
I  A=I-1 

J A  =  J-  I _ _ 

FXY  =  FXY+C(I,J)*X(K)**1A*Y(U**JA 

214  CONTINUE 

215  COM  1NUL 
IJK«IJK+1 

E  R  R  G  K  = ( Z (K , L ) -FXY ) 

E= ABS ( ERROR  ) _ 

ERPER=100.0*ERROR/GZ(K,L) 

DE VPR=ABS ( tRPER ) 

SE=SE+£ _ 

SD*SO+DEVPR 

SP=SP+ERPER 

_ So=So+EkRCR _ 

MR  1 TE ( 6 y  51 1 )  GX ( K  )  t  GY ( L ) ,  GZ(K,L),  ERROR,  ERPER 
511  FORMAT ( 1H , 23X ,  Fb.i,  2X,  F9.2,  3X,  F9.6,  3X,  F9.4,  2X, 

1F9.4) _ 

22C  CONTINUE 
218  CONTINUE 

A I JK= I JK _ 

AVERR= jE/A I Jr\ 

AVU E  V=  SO / A  i  JR 

_ PCJDEV  =  SD/A  I  Jrs 

PGERR=SP/A I JK 

WRITt(6,530)  AVERK,  AVCEV,  PCERR,  PCDEV 
5  30  FORMAT  (  lhC  ,23X  ,  «  AV.  ERR.  ,  F9.4,  J^X,  •  AV.  _DEV  .  =•, 

2F9.4/24X,  *  PER •  ERR.  =’,  F9.4,  5X,  'PER.  DEV.  =‘,  F9.4) 

23C  CONTINUE 
STOP 
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_ a  U  b  R  U  C  T  INC  CHECK!  G  Z  ,  G  X  ,  GY  ,  Z  »  X  ,  Vt  P  ♦  Q  > _ A  ,  N  t  M ,  K  U 

1>  LV) 

C 

X _ CHECK  CF  A R  Pi<  J  X  1  M  A  T  I  ON 

C 

HEAL  GZ(50,1Q),  GX{50),  GY(10) 

OUUbL  E  PRECISION  Z(5Q,10),  P(b,5Q).  0(6,10),  A(8,8), 

1FXY 

INTEGER  N,  P,  KU,  LV 
_ MRI  T£  (  6  *5101 

510  FORMAT ( lH0#27Xf  4HXU),  6X,  4HY(L),  7X,  6HZ(K,L),  7X  , 

1  3HERR , 7X,  5h4  EKK ) 

NA  =  N-t-l 

M A  =  R+  1 
I  JK  =  C 

_ _ S£=jQ  .  C 

SE  =  C  .  0 
SP=0.0 

_ sx=a*.a . - _ _ _ _ _ 

DU  128  L  =  1  ,  L  V 
CO  130  K=1,KU 

. . . F  X  Y  =  0  •  0 _ XjlX. _ _  _ _ _ _ _ _ _ _ _ _ _ 

DO  126  1=1, NA 
DO  124  J=1,MA 

_ F  X  Y  =  F  X  Y  +  A  (  I,J)*Pli.K)*U(J.L) _ 

124  CONTINUE 
126  CONTINUE 

I  JK=  I  JK+  1 _ _ _ _ _ _ _ _ _ _ _ 

ERRGR= IZtK»L)-FXYJ 
E  =  ABS  l  ERROR ) 

_ £KPEK=10  0.G*CRRQR/GZ  (K,L) _ 

Dt VPR= A6S  l  ERPER ) 

SD=  SD  +  U  E  VPR 
SE  =  SE  +E 
SP-SP+ERPER 
SC  =  S  w  +  EHHOK 

_ WR1TE(6,311)  Gx ( K  )  ,  G  Y  (  L  )  ,  GZ(K,L)  ,  ERKOK,  ERPEK _ 

511  FORMAT ( 1H , 23X ,  F8.1,  2X,  F9.2,  3X,  F9.6,  3X,  F9.4,  2X, 
IF  9  •  4  ) 

_13C  CONTINUE  _ _ 

126  CONTINUE 
A  I  JR=  I  JK 

_ PCERR=  SP / A  I JK _ 

PCUE V=  SD/A  1  Ji\ 

AVtKR=Ut/AiJK 
_ _ jj_>  AVD£V=SQ/A1 JK 

WR1  T£  (Z>  ✓530  )  AVERR#  AVDEV,  PC  ERR,  PCOtV 
530  FORMAT <  1HQ ,23X  ,  *AV.  ERR.  =',  F9.4,  5X,  «AV.  DEV.  =*, 
1F9.4/24X,  "PER.  ERR.  =«  ,  F9.4,  5X,  »  PER.  DEV .  =  «  ,  F9.4) 


RETURN 

END 
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_ SUBROUT  IN  E  CUN  Vfr ( P A ,  wBt  A,  C,  ALPX,  BETX,  GAMY,  DEL  Y  t 

IN,  h  ,  KG,  LV  ) 

C 

C  CONVERSION  Tu  POWER  8EKIES 

C 

DOUBLE  PRECISION  P  A  {  8  »  8  )  »  08(9,8),  A(8,8),  C(8,8), 
_ lALPX(d),  B  ET  X  (  8  )  GA  MY  (8)  ,  DEL  Y  (  8J _ _ _ 

INTcGER  N,  M  ,  Ku,  LV 

N  A  =  N  +  1 

MA=M+ 1 

PAt 1 ,  1 )  =  1 .0 

P  A  (  2 , 2  )  =  PA  (  1  ,  1  ) 

_ P A { 2, 1)=-ALPX(  I) _ 

P  A  {  3 , 3  )  ■=  PA  (  2  » 2  ) 

P  A  l 3 , 2  )  =  P  A  ( 2  » I )  -  a  L  P  X  {  2  )  *  P  A  ( 2 , 2  ) 
PA(3,l)=-PA(2,l)*ALPX(2)-ritrx(2) 

DC  180  1=4, NA 
I A=I-l 

_ 16=1-2 _ _ _ 

P  A ( I  , i  )  =  PA(  1-1  ,  1-1  ) 

PA( I , 1-1 )=PA( 1-1 ,  1-2 )-ALPX( IA)*PA( l-l, 1-1) 

DO  140  J  =  2  , IB 
I  J  =  I  —  J 

PA(  I,IJ)=PA(  IA,I J-1)-ALPX(  IA)*PA(IA,  IJ)-BETX( IA)*PA( IB, 

II  J) _ _ _ _ 

140  CONTINUE 

PA(  I,1)=-ALPX(  IA)*PA ( 1  A, 1) -BETX(  IA)*PA(  IB,  1) 

15C  CONTINUE 

Q  6  (  1 , 1 )  =  1 . 0 
Ub( 2, 2) =CB (1,1) 

_ UB  (  2  ,  1 )  =  -G AM  Y  (  1) _ _ 

GB( 3 , 3 ) =  ^B 12,2) 

UB(3,2)=G3( 2,1)-GAMY(2)*UB(2,2) 

,(3,1) =-wd( 2, 1 ) *6AMY( 2 ) -DELV ( 2 ) 

DO  170  1=4, MA 
I  A  =  I  -  1 

_ I  B=  I  -  2 _ _  _ _  _ 

Db( I, I )  =  wB( I  - 1 , 1-1) 

QB( I ,  I  A ) =QB ( I  A , 1B)-GAMY(  I  A  )  *QB  ( I  A  , IA) 

DC  160  J  =  2  ,  IB 
i  J  =  I  -  J 

Q  6 ( I  ,  I  J  )  =  j  B  (  IA,  IJ-1)  -GAMY ( I  A ) *Q B ( I  A ,  I  J  )  -DE  L Y (  I  A ) *UB (IB, 

_ 1  I  J  ) _ _  _  _ _ 

16C  CONTINUE 

QBC I , 1) =-GAMY(  IA) *QB ( I  A, 1 ) -DELYl  IA)*0B ( IB, 1) 

_17C  CONTINUE 

DU  180  K-l , NA 
DO  1 7  d  L= 1 , M A 

_ C  (  K  ,  L  )  =  u  « 0 _ 

K  A  =  K 
L  A  =  L 

DO  176  I =K A , NA 
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DU  174  J  =  L A  «  MA _ 

C(N,L)=CIK,L)+Al  I »  J  )  *  P  A  l  I  ,  K ) *0  B ( J  »  L ) 

174  CUNT  I  NUt 

_  1.7.6  CONTINUE, . . __ _ _ _ _ _ _____ _ _____ _ _ 

Ufa  CONTINUE 
ISC  CONTINUE 

hiRITE(6«512) _ 

512  FORMAT ( 1HO  ,  2  IX ,  33H  COEFFICIENTS  OF  PQkER  POLYNOMIAL) 
rtRITEI 6, 513  ) 

5L3  RMAT 1 1HO  *22  X  •  IHIt  2X,  1HJ>  IPX.  7HPA(I,J)«  12X>  7HQB 
1  (It  J )  ) 

IF(NA.EQ.MA)  GC  TC  lfafa 

_ IF(NA.GT.MA)  GC  TC  Ifa4 _ 

NM  =  M  A 
N  X  =  N  A  +  1 

_ DC  18  2  I=NX,MA 

DO  181  J  =  1 » I 
PA!  I  , U J=C.O 

161  riNUE _ 

182  CONTINUE 
GO  TC  189 

184  NM  =  NA _ 

N  Y  =  M  A  +  1 

DO  186  I=NY,NA 

_ DC  185  J  =  1,I _ 

U  B  (  I  ,  J  )  =  0 . 0 

185  CONTINUE 

186  . CONTINUE . _ . _ . . . „ . _ . __ . . . 

GO  TO  189 

188  N  M  =  N  A 

189  DO  191  1=1 , NM _ 

DO  19C  J=1,I 

wR!TE!6,514)  I,  J,  P  A  (  I  ,  J  )  ,  Q8(I,J) 

514  FORMAT 1 IN »22Xt  lit  2X»  11,  5X,  E15.8,  5X,  E15.8) 

1 9 C  CONTINUE 

191  CONTINUE 

_ WRI TE( 6, 515  ) _ 

515  FORMAT ! 1H0,22X,  1HI,  2X,  1HJ,  20X,  6HC(I,J)) 

DO  201  1=1, NA 

DC  200  J  =  1 , M  A 

WRITE ( 6**516  )  I,  J,  C  (I,  J ) 

516  FORMAT!  1H,22X,  II,  2X,  II,  16X,  E15.8) 

2CC  CONTINUE _ 

2C1  CONTINUE 
RETURN 
END 
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SAMPLE  COT  PUT 


ALP X  (  I  ) 

C.1488COCOO  G4 
0.309672330  04 


BETXt  1  ) 

0.0 

0 . 20 3 42  56CC  07 


GAMY ( J) 

0. 1549  72460  Cl 


DLL  X ( J ) 

0.0 


C. 256712  710  C4 
0.268637600  C4 
0.247383880  04 


0. 162299C1D  07 
0.165835680  07 
0.154/19C60  07 


0.25355 7 69D  04 

0 . 15  7  72156D  07 

0.  15677114D  01  0. 

145925470-01 

I 

J 

At  I  ,  J) 

1 

1 

0.7320351 4D  00 

1 

2 

-C. 536741460  00 

1 

3 

-0 • 1682605  ID  00 

2 

1 

-C. 527722430-04 

2 

2 

0.458315780-04 

2 

3 

C. 374044760-03 

3 

1 

0.760450780-07 

3 

2 

C.  172  554330-06 

3 

3 

-0. 792703380-07 

4 

1 

-C. 175674110-10 

4 

2 

-0.1  1435  72CU-C9 

4 

J 

-C. 219481560-09 

5 

1 

-0.340554180-14 

5 

2 

0.2341744  CD- 13 

5 

3 

0.237274280-12 

6 

1 

0.5 3 129377 D- 17 

6 

2 

0.243339680-16 

6 

3 

-C. 435704840-16 

7 

1 

-0.251 151030-20 

7 

2 

-C. 282427320-19 

7 

3 

-C. 116195770-18 

XU) 

YtLl  Z(K,L) 

ERR 

%  ERR 

10C.0 

581.69  0.9609 

0.0154 

1.6079 

15G.0 

581.65  0.9411 

-0. 0026 

-0.2779 

20  0.0 

581.69  0.9208 

-0.0130 

-1.4071 

250.0 

581.69  0.9000 

-0.0167 

-1.8557 

300.0 

581.69  0.8781 

-0. 0158 

-1.8011 

350. C 

581.69  0.8547 

-0.01  16 

-1 .3605 

^00.0 

581.69  C.8336 

-0.0015 

-0.1  756 

450.  C 

581.69  0.8084 

0.0076 

0.9345 

50  0 .0 

581.69  0.7822 

0.017b 

2.2540 

O  0  0 .  'J 

581.69  0.7256 

0.0368 

5.0737 

700.0 

581.69  0.66C2 

0.0477 

7.2190 

800.0 

581.69  0.5803 

0.0405 

6.9762 

900. C 

581.69  0.4621 

-0.0113 

-2.4457 

1000.0 

581.69  0.3057 

-0. 1097 

-35.8941 

1200. 0 

581.69  0.2656 

-0.0638 

-24.0375 
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X  (  K  ) 

V  (  L  ) 

Z(K,L) 

6  KK 

£  ERR 

1900.0 

581.69 

0.2931 

0 . CO  77 

2.6408 

1600.  C 

581.69 

0.3204 

C. 0409 

12.7655 

18Q0.G 

581.69 

0.3490 

0. 0452 

12.9391 

2000.0 

581.69 

0.3778 

0.0297 

7.8609 

2500.0 

561.69 

0.4505 

-0.0291 

-6.4697 

3000. C 

581.69 

0.5217 

-0. 0369 

-7.0754 

3300. C 

561.69 

0.5924 

0.0125 

2.1045 

4000.0 

581.69 

0.6626 

0. 0349 

5.2683 

4  3  0  C  .  0 

581.69 

0.7298 

-0.0291 

-3.9915 

5000.0 

581.69 

0.7982 

0.0067 

0.8399 

100.0 

626.69 

0.9689 

0.0172 

1.7797 

150.0 

626.69 

0.9536 

0.0051 

0 . 52  9o 

200.0 

626.69 

0.9379 

-0.0035 

-0.3765 

250.0 

o26.69 

0.9219 

-0.0088 

-0.9525 

300.0 

626.69 

0.9056 

-0.0113 

-1.2492 

3  50  .0 

620.69 

0.8887 

-0.0118 

-1.3320 

400.0 

626 . 69 

0.8  715 

-0.0105 

-1.2003 

450.0 

026.69 

0.8557 

-0.0060 

-0 . 6984 

500.0 

62  6 • o9 

0.8  384 

-0.0014 

-0.1711 

600.0 

62  6.69 

0.8008 

0.0074 

0.9208 

700.0 

o2  6 . 69 

0.7611 

0.0161 

2.1136 

800. 0 

626. 69 

0.7188 

0.0223 

3. 1073 

900.0 

626.69 

0.6738 

0.0242 

3.9969 

1000.0 

626.69 

0.6252 

0. 0198 

3.1740 

1200.0 

626 .69 

0.5202 

-0.0086 

-1.6489 

1400.  c 

o2  6 . 09 

0.4356 

-0.0358 

-8 .2225 

16 00.0 

02  o . 6  9 

0.4058 

-0.0288 

-7.0907 

1690. 0 

626.69 

0.4087 

-0. 0085 

-2.0906 

2000.0 

626.69 

0.4241 

0.0072 

1.7030 

2500. C 

u26 . o9 

0.4787 

0.0126 

2.6365 

3000.0 

626 .69 

0.5409 

-0.0C12 

-0.2149 

3500. C 

62  o • 69 

0.6038 

-0. 0057 

-0.9374 

4000.0 

62o. o9 

0.6675 

0.0017 

0.2532 

4500. C 

626.69 

0.7304 

0.0C23 

0.3188 

5000.0 

62  o . 69 

0.7935 

-0.0008 

-0.1024 

109.0 

671.69 

0.9754 

0.0112 

1.1504 

150.  C 

671.69 

0.9637 

0.0052 

0.5412 

200.0 

671.69 

0.9512 

0. 0000 

0.0026 

250.0 

671.o9 

0.9390 

-0.0035 

-0.3725 

300.0 

671.69 

0.9266 

-0. 0059 

-0.6350 

359.  C 

671.69 

0.9140 

-0.0073 

-0.8041 

400.0 

671.69 

0.9013 

-0. CO  79 

-0.8790 

4  50.C 

671 .69 

0.8884 

-0.0078 

-0.8802 

500.  C 

671 .69 

0.8756 

-0.0069 

-0.7833 

600.0 

671.69 

0.8486 

-0.0044 

-0.5157 

700.0 

6  7  1  •  o  9 

0.8207 

-0.0011 

-0.1318 

800. C 

671.69 

0.7922 

0 . 0025 

0.3140 

900.0 

671.69 

0.7630 

C. 0056 

0.7402 

1000.  C 

671.69 

0.7331 

0.0078 

1.0625 

1200.0 

o71.69 

0.6728 

0.0081 

1.2014 
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X  (  K  ) 

V  (  L  ) 

Z(K,L) 

ERR 

%  ERR 

100.  c 

716.59 

0.9806 

-0.0124 

-1.2642 

15C.C 

716.69 

0.9712 

-0.0066 

-0.8610 

20C.O 

716.69 

0.9618 

-0.0049 

-0.5123 

2  5C.G 

71o.69 

0.9521 

-0.0018 

-0.1871 

30C.0 

7 1  o  .  6  9 

0.9426 

0.0012 

0.1275 

350.0 

716.69 

0.9326 

0.0036 

0.4034 

400.0 

7 1 o . 69 

0.9232 

0.0062 

0.6663 

45  0.  C 

716.69 

0.9135 

0.0063 

0.9105 

50C.0 

716.69 

0.9039 

0.0103 

1.  1342 

600.0 

716.69 

0.68  19 

0. 0106 

1.2074 

70C.C 

716.69 

0.6613 

0. Cl  15 

1.3367 

80  0.0 

716.69 

0.8403 

0.0110 

1.3145 

900.0 

71o.69 

0.8194 

0.0097 

1.1779 

1000.0 

716.69 

0.7986 

0.0073 

0.9165 

120C.0 

716.69 

0.7571 

0 • GOO  1 

0.0102 

1400.0 

716.69 

0.7175 

-0. 0092 

-1.2891 

160C.0 

716.69 

0.6818 

-0. C185 

-2.7129 

1300.0 

1 1 6 . 6  9 

0.6520 

-0.0257 

-3.9471 

20CC.0 

716.69 

0.6301 

-0. C290 

-‘+.6014 

2500.0 

716.69 

0.6130 

-0.0164 

-2.6804 

30QC.0 

716.69 

0.6321 

0.0082 

1.2971 

3500.0 

716.69 

0.6692 

0.0266 

3.9780 

4000.0 

716.69 

0.7148 

0.0292 

4.C91 1 

4300.0 

716.69 

0 .  7  o  2  8 

C. 0101 

1.3261 

500C.C 

716.69 

0.8136 

-0. 0304 

-3.7421 

AV  .  ERR  . 

=  0.0421 

AV.  DEV. 

=  -0.0000 

P  E  K  •  E  K  k  • 

=  -1.7625 

PER.  DEV.  =  8.1071 
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C _ PROGRAM  NOMBEk  8 _ 

C  LACK ANG 1  AN  I  NT EHPGLAT I GN 

G  P  ( J)  AND  Z(J)  ARE  THE  PRESSURE  AND  COMPRESSIBILITY 

£  :SPECTI  VELY  kEAD  AT  M  POINTS  •  Z A ( I >  ARE  INTLhPCLATEU 

C  COMPRESSIBILITY  AT  N  PAII I  PRESSURES  * 

C  THE  Cu  TP  L  T  FRCP  THIS  I NTERPCLAT I CN  PROCEDURE  IS  GIVEN 

C _ IN  TABLE  F-7  OF  APPENDIX  F. _ 

REAL  P(5Q>,  Z ( 50 ) 

DOUBLL  PRECISION  PA15C),  DLI50),  ZA(50),  PROD,  PR0D1 
INTEGER  f\ ,  M 
R  £  A  i:  {  5 , 5  : 1  )  N 
501  FORMAT (14) 

_ READ  (5, 502)  (PAU),  1  =  1, N) _ 

5C2  FORMAT ( 2 X  ,  10F7.1) 

DO  ICO  I JK= 1  ,  1 6 
KRITEUUU)  1JK 

512  FORMAT (  «  I  NT E R PO L A T I CN  SEQUENCE  NO.  *  ,  12) 

R EAC ( 5 , 503)  M 

_ 5C3  FORMAT  ( I A ) _ 

READ( 5, 504)  (P(J),  Z(J),  J=1,M) 

504  FORMAT ( 2 IX ,  Fa. 2,  31X,  F8.5) 

KK=  1 
11  =  1 

10  KK 1  =  KK+  1 
KJSZ.rKK  +  Z. 

KK3=KK+3 
DO  90  i  =  I  I  ,  N 

i  p  =  i  *  i  _ _ _ _ _ 

IF(KK3.£Q.M)  GC  TO  50 
IF(P(KK2) .LT.PA( I i )  GO  TO  80 

50  Z  A (  I  )  =  0 . 0 _ 

DO  7  C  K=KK , KK3 
PRGC=1 .0 
PRLC  1  =  1  .C 
LU  60  J=KK ,KK3 
IF(K.EQ.J)  GC  TU  60 

_ PKQD  =  PR0l)*  (  PA(  I  )  -P  {  J  )  )  _  _ 

PR0D1=PkQD1*{P (K)-P( J)  ) 

60  CONTINUE 

DLJ  K  )=PRCD/ PROD  I 

ZA( I )=ZA( I )+JL(n )*Z ( K ) 

7C  CONTINUE 

_ WRITE(6, 511  )  1  ,  PA ( I  )  ,  Z A (  I  ) 

511  FORMAT ( 1H  ,  12,  F10.1,  F10.5) 

IF (  I  .  EQ. M  GC  TO  90 
IF(KK3«EQ«M)  GL  TO  75 
IF ( P ( KK2 ) .GT .PAl IP ) )  GO  TO  90 
75  11=1+1 

I F  ( KK3.EC.M )  G  C  TO  1C 
80  KK=KK+ 1 
GO  TO  10 
9  C  CONTINUE 
100  CONTINUE 
STOP 
END 
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PRESSURE  MEASUREMENT 
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B-2 


The  pressure  exerted  by  the  gas  in  the  sample  bomb 
was  measured  by  applying  hydraulic  oil  pressure  to  the  dia¬ 
phragm  which  separated  mercury,  the  fluid  confining  the  gas 
under  observation,  from  the  fluid  used  to  transmit  pressure 
to  the  piston  gauges.  The  pressure  from  the  DWG  was  applied 
to  the  upper  chamber;  the  pressure  which  was  to  be  measured 
was  applied  to  the  lower  chamber.  The  diaphragm  was  un¬ 
balanced  and  flexed  by  the  presence  of  a  differential  pres¬ 
sure  between  the  two  chambers.  This  unbalance  was  relayed  to 
the  control  box  with  a  zero-center  milliammeter  which  indica¬ 
ted  that  the  pressure  in  the  gauge  was  either  higher,  lower 
than,  or  equal  to,  the  pressure  in  the  sample  bomb. 

The  total  pressure,  P,  exerted  by  the  gas  in  the 
sample  bomb  can  be  written  as, 


where 


P  =  P  +  P  +  P  -  P 

G  T  *B  T  rHg 


(B-l) 


and 


B 


Hg 


=  the  pressure  exerted  by  the  piston  gauge 
=  barometric  pressure  acting  on  the  piston 
=  correction  for  the  level  of  mercury  in 
the  sample  bomb 

=  correction  for  the  vapor  pressure  of 
mercury 


The  express  purpose  of  this  Appendix  is  to  show 
how  each  of  these  contributions  to  the  total  pressure  was 


determined . 
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B-l .  Calculation  of  Gauge  Pressure 

The  formula  for  calculating  the  pressure  exerted 
by  the  gauge  is  given  by  the  equation: 

W  g 

P  =  P  +  -(K)  —  (B-2) 

e  A  g 

where 

P  =  pressure  exerted  by  the  gauge  as  measured 
PQ  =  pressure  of  empty  weight  at  standard  gravity 
W  =  weight  of  dead  weights,  at  standard  gravity, 
in  grams 

2 

A  =  effective  area  of  piston  =  0.026038  inch 

2 

for  high  range,  =  0.13023  inch  for  low 

range 

K  =  conversion  constant  =  0.0022046  lbs/gram 

2 

g  =  local  gravity  =  981.272  cm/sec 

2 

g  =  standard  gravity  =  980.665  cm/sec 

s 

Table  B-l  gives  the  tabulation  of  weights  for 
Type  2400  HL  Ruska  Dead  Weight  Gauge,  Serial  No.  8338.. 
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Table  B-l 


Weight  Tabulation  (psi) ,  Serial  No.  8338 


Pressure  (psi)  Actual  Weight 

Weight  High  Low  Weight  Tolerance 

Number  Range  Range  (Grams)  (Grams  ±) 


A 

1000 

200 

11,810.7 

0.15 

B 

1000 

200 

11,810.8 

0.15 

C 

1000 

200 

11,810.8 

0.15 

D 

1000 

200 

11,810.8 

0.15 

E 

1000 

200 

11,810.8 

0.15 

F 

1000 

200 

11,810.8 

0.15 

G 

1000 

200 

11,810.8 

0.15 

H 

1000 

200 

11,810.8 

0.15 

I 

1000 

200 

11,810.8 

0.15 

J 

1000 

200 

11,810.8 

0.15 

K 

1000 

200 

11,810.8 

0.15 

L 

500 

100 

5,905.41 

0.08 

M 

200 

40 

2,362.16 

0.03 

N 

200 

40 

2,362.17 

0.03 

0 

100 

20 

1,181.11 

0.02 

P 

50 

10 

590.55 

0.01 

Q 

20 

4 

236.217 

0.005 

R 

20 

4 

236.214 

0.005 

S 

10 

2 

118.108 

0.005 

T 

5 

1 

59.054 

0.005 

U 

2 

0.4 

23.621 

0.005 

V 

2 

0.4 

23.621 

0.005 

W 

1 

0.2 

11.810 

0.005 

X 

0.5 

0.1 

5.905 

0.005 

Set  of 

Fractional 

Weights  adjusted  to  within 

0.002  grams 

calculated  weights. 


Empty  Weight  at  Standard  Gravity  is  30.00  psi  for  high 
range  and  6.00  psi  for  low  range. 
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a *  Correction  for  Elastic  Distortions 

The  application  of  pressure  causes  elastic  distor 
tions  in  the  piston  and  cylinder,  resulting  in  a  change  of 
effective  area.  As  the  pressure  surrounds  the  piston  and 
cylinder,  the  diameters  are  decreased,  causing  an  increase 
of  pressure.  The  formula  for  calculating  corrections  for 
the  effect  of  elastic  distortion  is 


where 


and 


Pc  =  P(1  -  fpP) 


(B-3) 


=  correction  pressure 
=  measured  pressure 

=  fraction  change  of  area  per  unit  pressure 

_  O 

=  -4.2  x  10  /psi  for  high  range 

—  8 

=  -4.7  x  10  /psi  for  low  range 


b .  Correction  for  Change  in  Temperature 

Rise  in  temperature  results  in  a  decrease  of  pres 
sure  exerted  by  the  weights.  The  formula  for  calculating 
correct  pressures  for  change  in  temperature  is 


P 

c 


f t ( t-2  0 ) 


(B-4) 


where 


Pc  =  corrected  pressure 

P  =  measured  pressure 

f  =  fractional  change  of  effective  area 

-5  o 

with  temperature  =  2.4  x  10  /  C 

t  =  temperature,  °C 


and 


..  :  yin  >  * 


oi  ^  v.t-- 
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B-2.  Calculation  of  Barometric  Pressure 


The  barometric  pressure  was  determined  with  a 
Fortin  type  barometer.  The  scale  on  the  barometer  could  be 
read  to  0.1  mm  by  means  of  a  vernier.  A  thermometer  was 
mounted  near  the  middle  of  the  barometer , and  it  served  to  de¬ 
termine  the  temperature  of  the  mercury  column. 

A  single  equation  incorporating  a  temperature  cor¬ 
rection,  that  holds  true  for  ordinary  room  temperatures,  was 
used  to  calculate  the  barometric  pressure.  The  pressure  P 

B 

in  psi  is  given  by 


P 


B 


where 


and 


t 

c 


g 


13.5462  -  0.00245 (t  -  20) 

c 


(1.45038  x  10  5) g*h 


(1.96471  x  10  4) 


1  -  1. 81  x  10  4 (t  -20) 

c 


g  *  h  (B-5 ) 

^  c 


measured  height  Hg  in  cm 
temperature  in  °C 
981.272  cm/sec^ 


B-3 .  Hydraulic  Head  Correction 

Owing  to  the  difference  in  the  levels  of  mercury  in 
the  sample  bomb  as  compared  to  the  reference  point,  a  correc¬ 
tion  has  to  be  made  to  account  for  the  mercury  head.  The 
mercury  head  was  divided  into  two  sections,  one  at  room  tem¬ 
perature,  and  the  other  at  the  thermostat  temperature,  the 
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dividing  line  being  the  outer  surface  of  the  thermostat  top. 
The  mercury  level  inside  the  sample  bomb  was  calculated  from 
the  cross  sectional  area  of  the  bomb.  The  formula  used  for 
hydraulic  head  correction  is  given  as 

mV  4 


(h. 


(2.54) 


■)  P 


7T 


(1.25) 


h2PR 


62.4  g 

( - )  — 

1728  g 
^c 


(B-6 ) 


where 


PL  =  hydraulic  head  correction  in  psi 
h^  =  5 . 5  in. 

=  1.25  in. 

mV  =  volume  of  gas  in  the  sample  bomb,  ml 

p  =  density  of  mercury  at  thermostat  temperature, 
z 

g/ml 

p  =  density  of  mercury  at  room  temperature,  g/ml 


B-4 .  Correction  for  the  Vapor  Pressure  of  Mercury 


In  calculating  the  pressure  exerted  by  the  gas 
sample  it  was  necessary  to  subtract  the  vapor  pressure  of 
mercury,  from  the  measured  total  pressure  P.  The 

equation  used  for  evaluating  the  effect  of  total  pressure  on 
the  vapor  pressure  is 


RT  In 


v(p  -  pV 


) 


(B-7) 


u .  :  'nl  u  t  \  :i:  9c  C3  .no 
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where 


.o 


Hg 

Hg 


vapor  pressure  of  mercury,  psia 
vapor  pressure  of  mercury  at  total 
pressure  P,  psia 


P  =  total  pressure  exerted  by  the  gas  in  the 
sample  bomb 

V  =  molal  volume  of  liquid  mercury 
T  =  temperature  of  the  thermostat 
Exploratory  calculations  were  made  to  determine  the 
magnitude  of  this  correction.  For  the  maximum  pressure  of 
5,020  pounds  per  square  inch  used  in  this  work  the  values 
for  different  temperatures  are  as  follows: 


ft 

0 

o 

P° 

Hg 

,  psia* 

Max. 

PHg 

,  ps 

50° 

2.45 

X 

io"4 

2.96 

X 

io”4 

75° 

1.27 

X 

IO-3 

1.52 

X 

10“3 

100° 

5.28 

X 

10“3 

6.29 

X 

io"3 

125° 

ro 

00 

o 

l — 1 

X 

10“2 

2.15 

X 

10“2 

From  these  calculations  it  was  concluded  that 
the  partial  pressure  of  mercury  is  negligible  for  tempera¬ 
tures  up  to  and  including  100°C.  At  125°C  the  vapor  pressure 
of  mercury  is  independent  of  the  total  pressure  within  the 
accuracy  of  pressure  measurement. 


*  Lange,  N.A.,  "Handbook  of  Chemistry",  10th  ed. ,  p.  1465, 
McGraw-Hill,  New  York,  1967. 
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APPENDIX  C 
CALIBRATIONS 


' 


C-2 


This  Appendix  includes : 

a.  Calibration  of  the  mercury  displacement  pump; 

b,  Calibration  of  the  equipment  for  the  effect  of  pressure 
and  temperature;  and 

Co  Calibration  of  chromatograph  for  mixtures  of  ethane  and 
hydrogen  sulfide, 

a.  Calibration  of  the  Mercury  Displacement  Pump 

The  cumulative  volume  of  mercury  forced  out  at 
30°C  and  1  atmosphere  pressure  was  fitted  to  the  residual 
equation  of  the  form  given  by  Equation  (IV-1) ,  Figure  35 
shows  the  plot  of  residual  volume  6V  in  milliliters  of  mer¬ 
cury  versus  the  pump  scale  reading  N  in  inches, 

b.  Calibration  of  the  Equipment  for  the  Effect  of  Pressure 
and  Temperature 

The  calibration  used  for  the  calculation  of  volumes 
for  the  latter  part  of  this  work  on  mixtures  of  ethane  and 
hydrogen  sulfide  is  given  in  Table  C-l,  A  plot  of  AV 

t,FG 

versus  pressure  for  50°,  75°,  100°,  and  125°C  is  presented 
in  Figure  36, 
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igure  47 .  Calibration  of  the  Mercury  Displacement  Pump 
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Table  C-l 

Calibration  of  the  Equipment  for  the  Effect 
of  Pressure  and  Temperature 

AV  t>  (pump  scale  reading  in  inches) 

t  /  Q 

Pressure 

psig  50°C  75°C  100°C  125°C 


50 

-0.001 

0.0715 

0.141 

0.211 

100 

-0.002 

0.0705 

0.140 

0.210 

150 

-0.003 

0.0695 

0.139 

0.209 

200 

-0.004 

0.0685 

0.138 

0.208 

250 

-0.005 

0.068 

0.137 

0.207 

300 

-0.006 

0.067 

0.136 

0.206 

350 

-0.007 

0.066 

0.135 

0.205 

400 

-0.008 

0.065 

0.134 

0.204 

450 

-0.009 

0.064 

0.133 

0.203 

500 

-0.010 

0.063 

0.132 

0.202 

550 

-0.011 

0.062 

0.131 

0.201 

600 

-0.012 

0.061 

0.130 

0.200 

700 

-0.014 

0.059 

0.128 

0.198 

800 

-0.016 

0.057 

0.126 

0.1955 

900 

-0 . 018 

0.055 

0.124 

0.1935 

1000 

-0.020 

0.053 

0.122 

0. 1915 

1100 

-0.022 

0.051 

0.120 

0.1895 

1200 

-0.024 

0.049 

0.118 

0.187 

1300 

-0.0265 

0.047 

0.116 

0.185 

1400 

-0.029 

0.0445 

0.114 

0.183 

1500 

-0.031 

0.0425 

0.112 

0.181 

1600 

-0.033 

0.0405 

0.1095 

0.179 

1700 

-0.035 

0.0385 

0.1075 

0.177 

1800 

-0.037 

0.0365 

0.1055 

0.175 

1900 

-0.039 

0.0345 

0.1035 

0.173 

. 


. 


essu 

psig 

2000 

2200 

2400 

2600 

2800 

3000 

3200 

3400 

3600 

3800 

4000 

4200 

4400 

4600 

4800 

5000 
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Table  C-l  (continued) 


4vt  p 

Z'  G 

(pump  scale 

reading  in 

inches) 

5  0°C 

7  5°C 

100°C 

12  5°C 

-0.041 

0.032 

0.1015 

0.171 

-0.045 

0.028 

0.0975 

0.167 

-0.049 

0.024 

0.0935 

0.163 

-0 . 053 

0.020 

0.0895 

0.1585 

-0.057 

0.016 

0.0855 

0.1545 

-0.061 

0.012 

0.0815 

0.1505 

-0.065 

0.008 

0.0775 

0.1465 

-0.0685 

0.004 

0.074 

0.1425 

-0.072 

0.0005 

0.070 

0.1385 

-0.0755 

-0.004 

0.066 

0.1345 

-0.0795 

-0.008 

0.062 

0.131 

-0.0835 

-0.011 

0.0585 

0.127 

-0.087 

-0.0145 

0.0545 

0.123 

-0.091 

-0.018 

0.0505 

0.1195 

-0.095 

-0.022 

0.047 

0.1155 

-0.0985 

-0.0255 

0.0435 

0.1115 

■ 
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b.  Calibration  of  Chromatograph  for  Mixtures  of  Ethane 
and  Hydrogen  Sulfide 

Ethane,  hydrogen  sulfide,  and  eight  mixtures  of 
known  composition  of  these  gases  were  analyzed  on  a  Burrell 
K-2  chromatograph.  A  method  using  volume  or  mole  percentages 
was  used  to  calculate  the  composition  of  mixtures.  Plots  of 
peak  heights  for  each  component  against  mole  percent  of 
ethane  in  the  mixture  are  presented  in  Figure  37. 
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SAMPLE  BOMB  VOLUME 


. 


D-2 


The  volume  of  the  sample  bomb,  including  the  connect¬ 
ing  line  up  to  the  rupture  disc,  was  calculated  from  the  zero- 
set  and  the  blank  run  measurements.  The  volume  of  mercury 
displaced  from  the  displacement  pump  to  fill  the  bomb  is  given 
by  the  relationships: 


V ' B , 50° 


where 


v 1 

B ,  50° 


a 


N 


50°, 0 


N 

500, o,z 


6  V 


aN50°,0  +  6V50°,0  aN50°,z 

6V50°,0,z 


volume  of  mercury  at  30°C  required  to 
fill  sample  bomb  at  50°C  and  zero  gauge 
pressure,  ml.  Hg  at  30°C 

average  volumetric  displacement  per  inch 
of  piston  movement,  7.0139  ml.  Hg  at 
30°C  per  inch 

displacement  pump  reading  for  sample 
bomb  at  50°C  and  zero  gauge  pressure, 
inches  of  pump  scale 

zero  set  pump  reading  for  sample  bomb 
at  50°C  and  zero  gauge  pressure, 
inches  of  pump  scale 
pump  calibration  correction,  ml.  Hg 


at  30°C 


■ 


s,0,°0?’  6 


£  iX±m  ;  2  0  0£  Y3U01SOT  70  StMUloV 


:  -•:  .  J  ■:' 


s  50  qs  >  oil:  djnulov  3  nz 
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This  volume  is  corrected  to  determine  the  volume  of 
the  sample  bomb  at  50°C,  by  the  expression 


V' 


(D-2 ) 


where 


V. 


=  volume  of  the  sample  bomb  at  50°C  and 


zero  gauge  pressure,  ml 
d^Q  =  density  of  mercury  at  30°C,  g/ml 

d^Q  =  density  of  mercury  at  50°C,  g/ml 


Evaluation  of  Bomb  Volume 

Because  of  a  smaller  total  displacement  volume  of 
the  pump  compared  to  the  sample  bomb  volume,  mercury  was 
added  into  the  sample  bomb  in  two  instalments.  Equation 
D-l)  then  reduces  to 


V' 


B,50o 


500,0, z 


(D-3) 


From  extrapolation  of  blank  run  data  at  50°C 


N 


500,0 


12.448  pump  scale  reading,  inches 


1m  *  o  u  3  3  sic  epj&  p  c  : 


lm\p  ,D  Oc  is  Y^f.  530m  ’O  <  3  *rt«  > 
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From  intermediate  readings  on  pump  scale 

N'^qo  q  =  3.105  inches 

N'sqq  g  =  15.480  inches 

From  extrapolation  of  zero-set  at  50°C 

N50°  0  z  =  2.950  pump  scale  reading,  inches 


From  displacement  pump 

calibrations 

6V50o,o 

0.0007  ml.  Hg  at  30°C 

6Vl ' 500,0 

-0.001  ml.  Hg  at  30°C 

^ V ' 5  0° , 0 

-0.0012  ml.  Hg  at  30°C 

6V50o,0,z 

-0.007  ml.  Hg  at  30°C 

Calculating  from  these 

data 

V'b, 50°  = 

153.416  ml.  Hg  at  30°C 

At  50°C  the  bomb  volume 

:  is  153.978  ml. 

For  the  second  part  of  this  work  the 

N  = 

500, 0,z 

3.498  inches 

6V50O,0,z 

-0.0018  ml.  Hg  at  30°C 

ll 

o 

o 

o 

m 

15.482  inches 

fiV’50°,0  ’ 

-0.0011  ml.  Hg  at  30°C 

N"50°,0  = 

4.482  inches 

6V"50°,0  = 

-0.006  ml.  Hg  at  30°C 

39,',.*  ■"  r  1  'v 
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N50°  0  =  14.352  inches 

6V50°  0  =  +0*005  ml«  H9  at  30°c 

Calculating  from  these  data 

VB  50o  =  153 . 844  ml. 

Considering  the  uncertainties  in  the  ejector  pump 
readings,  the  volume  of  the  sample  bomb  is  153o98±o01  ml0  at 
50°C  and  zero  gauge  pressure  for  the  first  part  of  this  work. 
The  sample  bomb  volume  for  the  second  part  of  the  work  is 
153o84±0o01  ml.  at  50°C  and  zero  gauge  pressure. 
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APPENDIX  E 
SAMPLE  CALCULATIONS  OF  VOLUME 
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The  equations  used  in  calculating  the  values  of 
volume  from  the  experimentally  observed  quantities  were  de¬ 
veloped  in  Section  F  of  Chapter  IV.  In  an  effort  to  show 
more  clearly  the  sequence  in  which  the  calculations  were  per¬ 
formed,  the  auxiliary  data,  plots  and  equations  used  to  evalu¬ 
ate  various  terms,  and  the  order  of  magnitude  of  the  several 
corrections  are  presented  here. 

Calculations  of  a  PVT  point  from  measurements  on 
the  second  mixture  of  ethane  and  hydrogen  sulfide  at  50°C  and 
500  pounds  per  square  inch  gauge  pressure  in  the  increasing 
pressure  series  of  points  includes  the  following: 

1)  From  zero-set  measurements  and  the  bomb  volume,  the  bench 
volume  is  calculated 

vBench  =  179  •  324  ml*  H<3  at  30°c 

2)  The  pump  scale  reading  is 


N  =  10.430  inch. 

3)  From  pump  calibration  curve 

6V  =  +0.0004  ml.  Hg  at  30°C 

4)  From  the  plot  of  blank  run  data 


AV50°,500 


-0.010  inch  of  pump  scale  reading 


5)  Approximate  volume  using  Equation  (IV-7) 


mV 


179.324  - 

-  0.0004 


(10.430-0.010)  (7.0139) 
13.5213 

( - )  =  106.625  ml. 

13.4725 
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6)  From  equation  (IV-10)  using  the  gauge  pressure  in 
atmospheres  as  (P'-l) 


5.8  x  10  7  +  5.5  x  lO"9  (50 
500 

x  ( - )  (106.625) 

14.7 

=  0.003  ml . 

7)  D2  =  0.000  ml. 

8)  D3  =  (0.00235)  (23.3 

=  0.001  ml 

9)  The  corrected  volume  of  the  gas  sample 
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22.8)  ( - ) 

13.5213 


30) 


mV 


179.324 

-  0.0004 


7.0139(10.430  - 

0.003  +  0.001 


0.010) 

13.5213 

( - ) 

13.4725 


=  106.623  ml . 
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APPENDIX  F 

EXPERIMENTAL  DATA 
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Experimental  measurements  of  the  specific  volumes 
of  ethane,  hydrogen  sulfide,  and  four  mixtures  of  these  gases 
were  made.  In  Table  F-l  are  presented  the  volumetric  data  on 
ethane  at  50°C  up  to  a  pressure  of  5,000  pounds  per  square 
inch  gauge.  The  experimental  data  on  hydrogen  sulfide  at  tem¬ 
peratures  of  50°,  71.11°,  75°,  100°,  104.44°,  and  125°C  and 
pressures  up  to  5,000  pounds  per  square  inch  constitute  Table 
F-2.  Each  of  the  four  mixtures  of  ethane  hydrogen  sulfide  was 
studied  at  four  temperatures,  50°,  75°,  100°,  and  125°C. 

Tables  F-3,  F-4,  F-5,  and  F-6  include  volumetric  measurements 
on  mixtures  1,  2,  3,  and  4  respectively. 

Lagrangian  interpolation  was  used  to  obtain  com¬ 
pressibility  factors  at  discrete  values  of  pressures.  These 
interpolated  values  for  the  four  mixtures  are  presented  in 
Table  F-7.  The  range  of  temperatures  which  was  covered  extends 
from  50°  to  125°C  and  the  pressures  up  to  5,000  pounds  per 
square  inch. 
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VOLUMETRIC  EEHAVICR  OF  EThANE 
rEMPERAFURE  =  30.00  D  E  G  •  C  • 


PRcSdCRE 

VOLUME 

COMPRESS  I  8 I L  I  TY 

(PSIA) 

(ML. /G.-MOLE) 

FACTOR 

SAMPLE  HEIGHT  =  0.07613  G.-MOLE 
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233. 1C 

1371. A8 

0.89074 
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TABLE  F -2t 


VOLUMETRIC 

 LM.MkL  »  • 

EEFAVIOR  UF  HYDROGEN 

SULFIDE 

TEMPERATURE  =  50. OC  DEG.C 

_ PRESSURE _  _  VOLUME 

• 

COMPRESSIBILITY 

(PS  I  A  ) 

( ML. /G. -MOLE) 

FACTOR 

. SAMPLE 

WE  IGHT  =  0 . 0464.5  G.- 

M  OLE  „  - . . - - 

119.40 

3111.45 

0.95331 

168.35 

2151.99 

0.92965 

217. 76 

1622.75 

0. 90677 

267.39 

1286.76 

0.88290 

267. 39 

1236.  74 

0. 88286 

317.13 

1053.07 

0.85710 

366 .96 

861.05 

0.82964 

416.83 

746.61 

0.6QC72 

466.71 

642. 15 

0. 76905 

516.64 

553.50 

0. 73379 

52JL*A5 _ _  _ 541.  fa8_ _ .  . Q.  72508 


SAMPLE 

WEIGHT  =  0.07259 

G .-MULE 

184.13 

1945. 82 

0.91938 

218.56 

1609. 71 

0.90287 

268.04 

12  78.  14 

0.67911 

317.65 

1047.57 

0. 85383 

317.65 

1047. 50 

0.85383 

3  c  7 . 52 

fa  76 . 73 

0. 82683 

4 17 . 2  5 

744.94 

0.79760 

^  6  6 , 9  4 

638.95 

0.76559 

5  1  a  .  8  6 

550.60 

0.73026 

521.67 

351.47 

0.47050 

526.17 

165. 54 

0.22351 

531.02 

82.  10 

0.  11188 

535.98 

49.92 

0.06866 

540.97 

49.  C 7 

0. 06612 

545 . 98 

49.05 

0.06873 

565.96 

49.00 

0.07116 

615.99 

48.96 

0.07739 

716.08 

48 . 66 

0.08940 

816. 2C 

48.41 

0.  10139 

916.26 

48.16 

0.  11323 

1016.31 

47.95 

0. 12  506 

1516.56 

4  7.  10 

0. 16329 

2016.95 

46.23 

0.23926 

2517.31 

45.61 

0. 29461 

3017.74 

45.14 

0. 34954 

4018. 60 

44.53 

0. 45920 

5019. 54 

43.48 

C. 56007 
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TABLE  F-2.  CCONT . ) 


TEMPERATURE  -  71.11  DEG 

.C. 

PRESSURE 

iPSIAJ 

VOLUME 

( ml. /g.-mule ) 

CGMPRESSIBiL ITY 

FACTOR 

j 

AMPLE  WEIGHT  =  0.0/259  G 

.-MOLE 

199.15 

1934.91 

0.92817 

218. 77 

1748.67 

0.92147 

263. 0 8 

1398.32 

0. 90294 

317.70 

1154. 63 

0. 88358 

367.42 

975.60 

0.86342 

3  6  7. h  2 

975.67 

0.86348 

417.21 

837. 83 

0. 84197 

46  7  .C6 

728.60 

0. 81969 

516.44 

639.  14 

0. 79583 

5  6  o . 8  2 

564 . 54 

0. 77  07  7 

616.74 

500.63 

0. 743/2 

6  6  6  .  7 C 

444.95 

0. 71455 

716.65 

394.97 

0.68181 

766.61 

349.27 

0 • 64494 

801.33 

80.09 

0. 15459 

806.27 

54.78 

0. 10640 

311.27 

54.01 

0. 10555 

816.27 

54.03 

0. 10623 

8  6  6 . 3  1 

53.74 

0.  11214 

916.35 

53.43 

0. 11794 

1016.45 

52.94 

0.  12961 

1516. 72 

50.98 

0.  18626 

2017.08 

49.49 

0. 24047 

2517.44 

48.44 

9.29376 

3017.83 

47.55 

0. 34564 

4018.71 

46.13 

0.44652 

5019.68 

45.05 

0.54473 
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I.AbLE  F  -2  .  (CuNT. ) 


1  ^  M  U L  »  C.  •  (UUI'j  1  •  / 

TEMPERATURE  =  75.00  DEG 

•  U  • 

PRESSURE 

VOLUME 

CGMPRtSS  I  8 I L  ITY 

(PS 1A  ) 

( ML. /G. -MOLE) 

FACTOR 

SAMPLE  HEIGHT  =  0.04645  G 

. -MULE 

139.  14 

2875. CO 

0.95279 

166.57 

2348. 50 

0.94293 

217.98 

1782.93 

0. 92567 

267.59 

1424.11 

0.90765 

317.37 

1176.92 

0.88965 

317.37 

1176.88 

0.88962 

367.17 

994. 88 

0.87005 

417.02 

855. 74 

0. 84997 

466.90  > 

745.38 

0. 82891 

516.82 

655.03 

0. 80o31 

566.75 

579.98 

0.78291 

.  616.6? 

516.43 

0 • 75852 

666. 58 

460.92 

0. 73179 

716. 5  6 

411.93 

0. 70304 

7fe6 . 52 

367.71 

Q. 67132 

816.49 

326. 31 

0.63458 

836.48 

310.25 

0.61812 

851.52 

297. 55 

0 . 60  34  7 

936.37 

56.40 

0.  12580 

965.39 

55.95 

0. 12866 

1016.37 

DD  .  59 

0.  13456 

1116.3t} 

54.90 

0.14597 

1216.43 

54.32 

0.15737 

1316.51 

53.76 

0. 1685o 

1416. 6C 

53.30 

0.  17985 

1616.79 

52.46 

0. 20204 

1816.86 

51.71 

0. 22378 

2017.14 

51.11 

0.24555 

2217.24 

50.66 

0.26752 

2517.51 

49.  / 5 

0. 29833 

3018.04 

48.70 

0. 35006 

3518.38 

47.79 

0. 40051 

4018.87 

47.06 

0.45048 

4519.30 

46.41 

0.49962 

5019.79 

45.79 

0. 54749 
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TABLE  F-2.  (CUNT. ) 


1  n  u  u  L  »  i  *  j  «  i 

TEMPERATUkE  =  ICO. 00  DEG 

.C. 

Pk  E6SURE 

VOLUME 

CCMPRESSIBIL  ITY 

( P  S  1  A  ) 

(ML./G.-MGLE) 

FACTOR 

SAMPLE  WEIGHT  =  0.04645  G. 

-MULE 

144.28 

2997.95 

0.96122 

168.77 

2545.23 

0.95458 

218.12 

1941.40 

0. 94102 

267.  7  C 

1558. C2 

0.92685 

317.46 

1293.88 

0. 9 1 280 

317.46 

1293.97 

0. 9128o 

367.20 

1100. 75 

0. 89822 

417.05 

952 . 90 

0. 88313 

466.92 

836.21 

0. 86766 

516.84 

741.85 

0.85205 

566. 76 

663.57 

0.83575 

616. o 3 

597.65 

0.81886 

666.55 

541 . C8 

0.801 46 

716.53 

492. 14 

0. 78364 

766.56 

449.26 

0. 76530 

816.56 

410.87 

0.74556 

8  6  6. 3  o 

376.53 

0. 72509 

916.58 

345.49 

0.70371 

966.57 

316.90 

0.68068 

1016.5  7 

290.44 

0.65612 

1066.50 

265. 66 

0.62966 

1116.54 

241.58 

0.60041 

1166.54 

219.12 

0.56802 

1216.57 

195.89 

0. 52958 

1266.58 

171.04 

0.48143 

1316. 58 

139. 46 

0. 40803 

1366.61 

83 . 86 

0.26074 

1416.61 

74.38 

0.23415 

1466.64 

70.  72 

0.23050 

1516.64 

68.50 

0.23088 

1616.73 

6  5.68 

0 .23  59  8 

1716.80 

63.47 

0. 24213 

1816.85 

62. 15 

0.25094 

2017. 15 

59.93 

0.26867 

2217. 19 

58.49 

0.28820 

2517.51 

56.66 

0.31700 

3C18.Q5 

54.45 

0. 36516 

3518. 39 

52.83 

0.41307 

4018.87 

51.45 

0.45952 

4319.27 
3C19. 78 


50.46 
48. 16 


0. 30679 
0.53722 
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TABLE  F-2 .  (CUNT .  ) 


TtMFERATURE  =  1C4.44 

DEG.C. 

PRESSURE 

VOLUME 

COMPRESSIBILITY 

IPSIA) 

{ ML. /U. -MULE) 

FACTOR 

8AMPLE 

WEIGHT  =  0.04645 

G.-MOLE 

168.83 

2575. CO 

0.95473 

218.17 

1965. 56 

0.94194 

267.74 

1579.44 

0.92869 

317. 5C 

1312.96 

0.91548 

3o7 . 24 

1118. 19 

0. 90182 

3 6  7 . 24 

1117.98 

0.90165 

417.09 

568.52 

0. 88714 

466  .96 

850.70 

0.87239 

516.88 

755.26 

0.85732 

5  6b.  /  6 

676. 62 

0. 84216 

616.59 

609.57 

0.82596 

716.57 

5  C  3*92 

0.79300 

SAMPL E 

WEIGHT  =  0.07259 

G.-MOLE 

219.21 

1955.20 

0. 94125 

268.53 

1574.37 

0. 92844 

318.05 

1310. CC 

0.91511 

367.78 

1115.63 

0.90108 

417.56 

967.29 

0.88701 

417.56 

967.29 

0.88701 

467.41 

849.67 

0.87218 

517.27 

754.48 

0.85708 

5b7.2C 

675. 70 

0 • 84 1 6  7 

617.10 

609. 15 

0.82553 

717.00 

502.89 

0.79186 

816.91 

421.20 

0 . 75564 

916. 85 

355.64 

0. 71608 

1016.75 

301 . 13 

0.67239 

1116.65 

253.58 

0. 62187 

1216.74 

210. h9 

0 • 56244 

1316.73 

166. 41 

0.48119 

1416.  / C 

103.04 

0.32058 

1516. 7C 

74 . 04 

0.24662 

1616. 7 8 

6 8 .  oO 

0.24357 

1816.81 

63.74 

0.25431 

2016.98 

60.88 

0. 26969 

2517.28 

56.88 

0.31442 

3017.64 

54.48 

0.36103 

3518. CC 

52.73 

0.40737 

4018.43 

51.31 

0.45279 

4518.86 

50.19 

0.49809 

5C19.3C 

4  7.36 

6. 34413 
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..  *  ^  M  l-  O  y-J  l  i  1  •  f 

TEMPERATURE  =  126.00  DEG 

.C  . 

PRESSURE 

VCJLUMt 

COMPRESSIBILITY 

l PS  I  A  ) 

{ ML. /G. -MULE ) 

i-AGTOR 

S 

AMPLE  G EIGHT  =  0.07259  G. 

-MULE 

232.40 

1958.59 

0. 94800 

253.94 

1  783.56 

0.94334 

283.39 

1587.  13 

0. 93c75 

300.82 

1488.87 

0.93280 

320.49 

1390.60 

0. 92821 

343.22 

1292. 35 

0.92381 

368.76 

1 194.  10 

0.91709 

398.74 

1095.85 

0.91006 

434.06 

997. cl 

0.90186 

434.18 

948.50 

0. 89721 

464 .18 

948.49 

0.89720 

4  6  8 . 2  G 

916. 76 

0. 89396 

617.26 

818.57 

3.88134 

646 . 89 

769 . 48 

0.87485 

577.93 

720.40 

0.86711 

613.43 

671.32 

0. 85767 

653.89 

622.25 

0.84741 

899. 7 / 

5/3.20 

0. 83539 

752.46 

524.  16 

0.82144 

813.25 

475.  12 

0.80474 

884. 14 

426. 13 

0. 76468 

967.69 

377.  13 

0.76007 

1C67. 16 

328.  19 

0. 72942 

1160.59 

289.08 

0.69674 

1269.49 

249.99 

0.66098 

i361 . 67 

220. 71 

0. 62592 

1464.24 

191.45 

0. 58364 

1577.39 

162.17 

0. 53276 

17C2.50 

132.93 

0.47134 

1798.  13 

113.4b 

0.42492 

1923.32 

94.06 

0.37676 

2198.41 

74.92 

0 . 34304 

2576.69 

65.83 

0.35327 

2937.48 

61.63 

0.37703 

3186.71 

59.63 

0.39576 

3475.24 

57.73 

0.41763 

6819. 70 

55.94 

0 . 44499 

4223.82 

54.25 

0.47728 

4  6  86. 77 

52.67 

0. 51412 

5C19. 33 

51.87 

0.54224 
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LA BLE  F-3. 


VOLUMETRIC 

BEHAVIOR  OF 

ETHANE  -  HYDROGEN  SULFIDE 

SYSTEM 

MIXTURE  NC.  1 

POLE  FRACTION  ETNANE  = 

0.7755 

TEMPERATURE  =  50.00 

DEG  .C  . 

PRESSURE 

VOLUME 

COMPRE- 

VOLUME 

COMPRE- 

( PS  I A ) 

( ML . / G .  - 

GS I B I L I T Y 

{ ML . / G . - 

SSI6ILITY 

MOLE) 

FACTOR 

MULE  ) 

FACTOR 

MULTIPLICATION  FACTOR 

SAMPLE  HEIGHT  =  0.03 c64 

b.-MOLE 

0. 

994 

94.16 

4013.11 

C. 96965 

3989.0 

0. 9638 

99.19 

3801.96 

€.96771 

3  7  79.  1 

0.9619 

123.  lo 

3033. 53 

C. 95671 

3  C  1  5 . 3 

0.9530 

150. 46 

2456.42 

C. 94839 

2441.7 

0.9427 

175.73 

2080. 90 

0.93335 

2068. 4 

0.9327 

267.31 

1312.73 

C. 90045 

1304. 9 

0.8950 

360. 16 

928.84 

0 • 35844 

923.3 

0.8533 

456.47 

689.04 

0  •  6  1 0  6  3 

684.  9 

0.8058 

616.23 

457.15 

C. 72239 

454.4 

C • 7 1 66 

S APPLE  WEIGHT  =  0. 0  33 11 

G.-MCIE 

214.01 

1685. 54 

C.  9256<* 

1675.4 

0.9201 

290.87 

1195.52 

C. 89232 

1188.3 

0.8870 

414.11 

784.87 

0.83403 

780.2 

0.8290 

514.11 

592.75 

C. 78197 

589.2 

0.7773 

0 

716.66 

356. 77 

C • 65o  1 1 

354.6 

0.6522 

816.60 

274.82 

C.  5758  f 

273.  2 

0.5724 

1016.43 

131 .79 

0.54374 

131.0 

0.3417 

1416.53 

88.39 

0.32128 

8  7.9 

0.3194 

1816.81 

80.90 

C. 37718 

80.4 

0.3749 

SAMPLE  WEIGHT  -  0.1C798 

G.-MGLE 

3C8 . 88 

1116.62 

0.88504 

1109.9 

0.8797 

414.72 

784.23 

0.83458 

779. 5 

0.8296 

567.16 

517.20 

0. 75272 

514.  1 

0.7482 

716.87 

356.64 

C • 65604 

354.5 

0.6521 

916. 59 

199.62 

C  .  4  6  9  5  1 

198. 4 

0.4667 

1216.47 

96.7  8 

C. 30209 

96.2 

0.3003 

1616.71 

83.89 

0.34803 

83.4 

0.3459 

2C17. 06 

7  8.44 

C. 40603 

78.  0 

0.4036 

2517.36 

74.45 

C. 48095 

74.0 

0.4781 

3017.79 

71 .80 

0.55604 

71.4 

0.5527 

3518. 19 

69 .  oO 

C. 62832 

69.2 

0.6246 

4018.6c 

68.00 

0. 7C127 

6  7.6 

0.6971 

45  19.  11 

66.59 

C. 77226 

66.2 

0.7676 

5019.61 

6  5.12 

C. 83882 

64.7 

0.8338 
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TABLE  F  -3  •  (CUNT.) 


TEMPERATURE  =  75.00  DlG.C. 


PRESSURE 

VOLUME 

CCMPKE- 

VOLUME 

CGMPRE- 

(PblAJ 

(ML ./G. - 

SSIBILITY 

IML./G.- 

SSIBILITY 

MOLE  ) 

FACTOR 

MOLE  ) 

FACTOR 

MULT  I  PL  I C  AT  ION  P ALTER 


SAMPLE 

HEIGHT  =  C. 03664 

G.-ROLE 

0 

.994 

IC1 .24 

4C43.21 

C. 97495 

4019. C 

0.9691 

1C7.33 

5807.12 

C. 97326 

3784. 3 

0.9674 

119.10 

3420.56 

C. 97032 

3400.0 

C • 9645 

133.57 

3035.99 

0  •  9  o  5  8  6 

3017.8 

C. 9601 

152.24 

2650.34 

0. 9ol02 

2634.4 

0.9553 

163.72 

c.  4  5b  •  0  3 

C. 95773 

2441. 3 

0.9520 

163.67 

2457.04 

0.95783 

2442. 3 

C.9521 

189.92 

2099.52 

C. 94972 

2086.9 

0.9440 

229.62 

1713.66 

C. 93723 

1703.4 

C.9316 

322. 19 

1  183.19 

C. 5C79  7 

1176.  1 

0.9025 

412. 18 

894.04 

C.  8777  1 

888. 7 

0.8724 

5C5.56 

701.40 

C • 8446  0 

69  7.  2 

0.8395 

535.84 

653.26 

0.83374 

649.3 

0.8267 

616.37 

547.53 

C  .  8  0  3  8  0 

544 .  2 

0.7990 

SAN P L E  HEIGHT  =  0.06311  G.-RCLE 


274.15 

1416.56 

C. 92497 

1408.  1 

0.9194 

455.41 

795.52 

0.86289 

790. 7 

0.8577 

567.20 

607.97 

0.82134 

604.  3 

0.81 64 

71 7.00 

446.23 

C. 76207 

44  3  •  6 

0. 7575 

8  1 6 . 

369.91 

0.71976 

36  7.7 

0.7154 

1C  16 . 75 

259.44 

0.62828 

257.9 

C • 62  45 

1416.71 

136.85 

0.46179 

136.0 

0.4590 

1816.95 

101.86 

C. 44082 

101. 3 

0.4382 

S  A  M  P  L  E 

HEIGHT  =  0.10798 

G.-MGLE 

363.57 

1034.86 

0.89614 

102a. 7 

€.8908 

455.69 

795.68 

0 . 86361 

790.9 

0.8584 

455.69 

795.66 

0.86360 

790.9 

0. 8584 

567.63 

607.97 

0.82197 

604.3 

0.8170 

717.34 

446.25 

C. 76245 

443.6 

0.7579 

917.12 

309.09 

C. 6751 7 

307.2 

0.6711 

1216.94 

183.77 

0. 53267 

182.7 

0.5295 

1617.05 

113.66 

0.43776 

113.0 

0.4352 

2C17.32 

94.90 

0 • 45595 

94.  3 

0.4532 

2517.69 

85.28 

C. 51144 

84.  8 

0.5064 

3018. 12 

79.95 

0. 57468 

79.5 

0.5712 

351c. 52 

76.54 

C • 64 146 

76.  1 

0.63  76 

4 C 19. 00 

73. 7j 

0.70564 

73.  3 

0.7016 

4519.45 

7 1 .  o  8 

0.77159 

71.3 

0. 7670 

5019.97 

6  9.59 

0. 8321  1 

69.2 

0.8271 
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TABLE  F-3.  (CUNT. ) 


1  n  LZJU  L, 1_ W  ♦  l  W  W  1 JL-J —  9l 

TEMPERATURE  -  1CC.0C 

UCG.  w. 

PRESSURE 

VOLUME 

COMPRE- 

VOLUME 

COMPRE- 

. If SI  A) 

(ML./G.- 

8S16ILITY 

(ML./G.- 

SSIBILITY 

MGLE  ) 

FACTOR 

MULE  ) 

FACTOR 

MULTIPLICATION  FACTOR 

SAMPLE  WEIGHT  =  0.03&64 

G.-MOLE 

0. 

994 

LC5,li> 

403C.71 

C. 57794 

4006. 5 

C.9721 

128.26 

3416.41 

C. 57375 

3395.9 

0.9679 

144.10 

3C28. 7  C 

C. 96986 

3010. 5 

0. 9640 

164.37 

2643.07 

C. 96543 

2627. 2 

0.9596 

177.71 

2443.72 

0. 96506 

2429.1 

0.9593 

177.73 

2443.91 

C. 96524 

2 429.2 

0.9594 

2C4.08 

2113.82 

C .55865 

210  1.  1 

0.9529 

247.27 

1726.25 

0.94856 

1715.9 

0.9429 

335.83 

1241.73 

0. 9267C 

1234.3 

0.9211 

427.34 

951.27 

0.90338 

945.6 

0.8980 

522. G3 

757.76 

0. 87907 

753. 2 

0.8738 

616.71 

623.21 

C. 85405 

619.  5 

0.8490 

SAMPLE  WEIGHT  =  C.C8311 

G • -ROLE 

3  9  3  .  G  6 

1045.83 

0.91351 

1039.6 

C.9080 

471.05 

853. 1  1 

0.89302 

848.  0 

0. 8877 

471.04 

853.01 

0.89291 

84  7.9 

0.8875 

567.36 

687.63 

0. 6oo98 

633. 5 

0.6618 

717.15 

517.72 

0. 82508 

514.  6 

0.8201 

817.06 

438.66 

C. 79649 

436.0 

0.7917 

1016.96 

326.49 

0.73786 

324.5 

0.7334 

1216.90 

251.59 

C. 68037 

250.  1 

0.6763 

1416.93 

199.12 

0.62698 

197. 9 

0.6232 

1817.12 

138.40 

0.55888 

137.6 

0.5555 

SAMPLE  WEIGHT  =  0.1C798  G.-MOLE 


393.40 

471.14 

567.62 

1045.81 
853.03 
687. 14 

0.91428 

0. 89311 

C • 86674 

1039. 5 

84  7.9 

6  3  3.0 

0.9088 

0. 8878 

G. 8615 

717.30 

517.34 

0.82465 

514.2 

0.8197 

917.05 

376.41 

0.76709 

374.2 

0. 7o25 

1216.87 

251.26 

0.67944 

249.  7 

0.6754 

1216.87 

251.27 

0.67946 

249.  8 

0.6754 

1616.92 

162.39 

0. 58348 

161.4 

0.5800 

201  7.14 

122.05 

0.54712 

121.3 

0.5438 

2517.47 

100.97 

0. 5649C 

100. 4 

0.5615 

3017.90 

90.7  8 

C. 6C880 

90.2 

0.6052 

3518.29 

84  .  t>  3 

0.66166 

84.  1 

0.6577 

4018.76 

80.4  7 

0. 71872 

80.0 

0.7144 

4519.20 

77.29 

0. 7  762 C 

76.6 

0.7715 

5015. 71 

74.o6 

0. 83282 

74.  2 

0.8278 
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TABLE  F-3 .  (CUNT.) 


TEMPERATURE  =  125.00 

U  E  o  •  C  . 

RRLSSCR  E 

VOLUME 

CCMPRE- 

VOLUME 

COMPRE- 

(  P  S  I A  ) 

(ML./G.— 

SSI6ILITY 

(ML  .  /G  .- 

SSIBIlITY 

MOLE  ) 

F  ACTOR 

mule  ) 

FACTOR 

MULTIPLICATION  FACTOR 

SAMPLE  w 

EIGHT  •=  0.C3664 

G . -MULE 

0. 

994 

119.05 

3967.27 

0.98367 

3943.5 

G. 9778 

130.68 

3606.3 ( 

0.98154 

3584.7 

0.9756 

146. 15 

3216.75 

0.97914 

3197.4 

C. 9733 

165.58 

2829.41 

0.97573 

2812.4 

0. 9o99 

191.11 

2440.00 

0.97118 

2425.4 

0.9654 

191.05 

2440 . 66 

0.97114 

2 426.0 

C . 9653 

222.63 

2081 .69 

C. 96522 

2069.2 

C • 9594 

224.31 

1400.50 

0.94596 

1392.1 

0.9403 

5C5.C2 

865.65 

0. 9105C 

860.5 

0.9050 

531.70 

81 7.08 

C. 90480 

812.2 

0.8994 

566.35 

761.69 

G. 89845 

757.  1 

0.8931 

616.32 

692 .16 

C. 88849 

688.0 

0.8832 

716.32 

581.86 

0.8680b 

578.4 

0.8628 

SAMPLE  a 

ElGhT  =  Q.C6311 

G.-MGLE 

374.25 

1203.72 

C. 93824 

1196.5 

C. 9326 

459.85 

961.53 

C. 92088 

955.  8 

0.9154 

567.31 

760.80 

G.8989C 

756.2 

0.8935 

567.30 

760.82 

C. 39892 

756.3 

0.8935 

717.06 

581.13 

0.86788 

577.6 

0.8627 

816.96 

498.00 

C. 64734 

495.0 

0. 8423 

i  C  1  6  •  8  o 

360.43 

C. 8057C 

378.2 

0.8009 

1216.79 

302.06 

0 . 76548 

300.2 

0.7609 

1416.82 

246.9  1 

0.  7  2  8  6  C 

245. 4 

0.7242 

1816.95 

177. 1C 

C. 6701 7 

176.0 

0 . 666 1 

SAMPLE  WEIGHT  =  0.10798 

G. -MOLE 

422.05 

1056.57 

G. 92873 

1050. 2 

0.9232 

567.83 

/  59.03 

G. 89636 

755.  1 

0.8930 

717.49 

580.30 

0  •  8o 7 1 6 

576. 8 

0.8620 

917.24 

431.95 

C. 82517 

429.4 

0.8202 

1217.03 

301.77 

0.76491 

300.  G 

0.7603 

1617. C5 

205.86 

0.69329 

204.6 

0.6891 

1617.05 

205.94 

C. 693  5  7 

204.  7 

0.6894 

2C17.20 

154.49 

C. 64906 

15  3.6 

0 . 6452 

2517.50 

121.79 

0. 03856 

121.1 

0.6347 

3C17.86 

105.29 

0.66177 

104.  7 

0.6578 

3516.22 

95.63 

0. 70071 

95. 1 

0  •  6  965 

4  C  1 8  •  6  6 

89.35 

0. 74781 

88.8 

0.7433 

4519. C9 

64.62 

0. 79648 

84.  1 

0.7917 

5  C  1  9 . 6  0 

61.23 

0.84924 

80.7 

0.8441 
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TABLE  F-4. 

VOLUMETRIC 

BEHAVIOR  OF 

ETHANE  -  HYDROGEN  SULFIDE 

SYSTEM 

MIXTURE  NO.  2 

MOLE  FRACTION  ETHANE  =  0. 

6352 

TEMPERATURE  =  5C.00  DEG 

.C  . 

pKESSCkt 

VOLUME 

CCMPRE- 

VOLUME 

COMPRE- 

( PS  I  A ) 

(ML  .  /G  .- 

SS IBI L I TY 

{ ML./G.- 

SSI BILITY 

MOLE  ) 

FACTOR 

MULE  ) 

FACTOR 

MULTIPLICATION  FACTOR 

SAMPLE  to  t  K 

,HT  =  Q.02761 

G.-MGLE 

i. 

006 

69.33 

5435.43 

C. 56695 

5468.0 

0.9728 

117.83 

3136.46 

C. 54834 

3155. 2 

0.9540 

117.82 

3136. 85 

C. 94339 

3155. 7 

0.9541 

16  7.20 

2164.05 

C. 5285C 

2177.1 

C.9341 

216.88 

1632.26 

0. 90840 

1642.1 

C . 91 38 

266.69 

1296.98 

C. 88758 

1304. 8 

0.8929 

316.53 

1065.36 

0.86538 

1071 . 8 

0.8  706 

366.47 

893 .o  8 

.  •  8  4  2  2  8 

90  1.  1 

0.8473 

416.41 

7  o5 .80 

0. 81828 

770.4 

C . 8232 

466. 36 

663.04 

C.  7934  7 

6b  7. 0 

0.7982 

516.34 

573.91 

0.767  Q  3 

582.4 

G. 7716 

616.32 

449.25 

C. 71049 

451.9 

0.7148 

SAMPLE  n  E  1 G  H  T  =  Q.l64d2  b.-^lLE 


354.23 

821 . 73 

C. 83126 

826.7 

0.8363 

419.22 

761. 34 

C. 8  190  1 

765.9 

0.8239 

468 . 79 

659.98 

0.79392 

663.  9 

C. 7987 

518.44 

577. OC 

0.76762 

580.5 

C • 7722 

568. 17 

507.47 

0. 73987 

510.5 

0.7443 

617.94 

447.99 

0.71037 

450.7 

0. 7146 

717.57 

349.45 

0 • 643  5  2 

351.6 

0.6474 

717.57 

349.45 

C • 64346 

351.  5 

0.6473 

817.27 

267.07 

C. 5601 C 

268.7 

0.5635 

916.95 

185.17 

C .43565 

1 86  •  3 

0.4383 

1016.65 

107.28 

C. 27986 

10  7.9 

0.2816 

1216.71 

86 . 7C 

C. 27068 

87.2 

0.2723 

1416.83 

80.8  1 

C. 29382 

81.3 

C.2956 

1616.93 

77.33 

0.32086 

77.8 

0.3228 

1817.11 

74 .  9  3 

0.34937 

75.4 

0.3515 

2C17.24 

73.03 

C.3  7a0 2 

73.5 

C. 3803 

2517.60 

69.71 

C. 45033 

70.  1 

0.4531 

2018.01 

67.25 

C. 52116 

67.7 

0.5243 

3518.40 

65.51 

G. 59149 

65.9 

0.5950 

4018.87 

64.12 

0.66122 

64.5 

0.6652 

4515. 30 

62.78 

C. 72804 

63.  2 

0. 7324 

5019.80 

61.81 

0.79618 

62.2 

0.8010 
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T  A  d L  h  f -4.  (  u,  m  .  ) 


TEMPERATURE  =  75.00 

DEG  .C  . 

PRE8SUR fc 

VOLUME 

CCMPRE- 

VOLUME 

COMPRE- 

(PS1 A) 

(ML./G.- 

SSlblL  ITY 

( ML . /G  .- 

SSIBIL1TY 

MOLE  ) 

FACTOR 

MULE  ) 

FACTOR 

MULTIPLICATION  FACTOR 

dAMPLE  HEIGHT  =  0.C2761 

G. -MOLE 

1. 

006 

93.81 

4318.77 

C. 9649 8 

4344 . 7 

0.9708 

116.21 

3401.91 

C. 95782 

3422.3 

C . 96  36 

118.21 

3401.36 

0.95766 

3421 . 8 

0.9634 

167.55 

2361.45 

0.94269 

2  3  75. 6 

C. 9480 

217.20 

1791. 73 

C. 92o91 

1802. 5 

0.9325 

267.00 

1432.40 

C. 91092 

1441.0 

C.9164 

316.90 

1185.24 

C . 89462 

1192.4 

C .  9000 

366.81 

1004.55 

0.87764 

1010.6 

0.8829 

416.75 

867.13 

0.86073 

872.3 

0.8659 

466. 70 

758.41 

0. 84304 

763.0 

0.8481 

516.68 

670.29 

C. 82488 

674.  3 

0.8298 

616.66 

536.06 

0.78735 

539.3 

0. 7921 

SANPLE  HEIGHT  =  0.  16482 

G.  -N'OLE 

469.20 

755.66 

C. 8445  1 

760.2 

0.8496 

518.84 

668. 73 

C. 82641 

672.7 

C. 8314 

568.56 

596.65 

C. 80798 

600.2 

0.8128 

616.31 

535.73 

G. 78897 

538.9 

0.7937 

717.93 

438.14 

0.7492 1 

440.8 

0.7537 

817.66 

362.95 

0. 70685 

365.1 

0.7111 

817.66 

362.95 

0. 7068 5 

365.  1 

0. 71 11 

917.47 

302.75 

0. 66159 

304.  6 

0.6656 

1017.30 

252. 9C 

0.61278 

254.4 

0.6165 

1217.04 

175.44 

C.  5 C 8 5  7 

176.5 

0.5116 

1416.95 

126.78 

0.42736 

127.5 

0.4304 

1616.98 

104.58 

0.40278 

105.  2 

0.4052 

1817.  10 

94.13 

0.40741 

94.7 

0.4099 

2C17.21 

88.10 

0.42329 

88.6 

C . 42  58 

2517.54 

79.71 

0.47798 

80.  2 

0.4608 

3017.94 

75.11 

C. 56992 

75.6 

0.5432 

3516.32 

71.90 

0.60250 

72.3 

C.6061 

4018.77 

69.56 

0.66587 

70.0 

0.6699 

4519.19 

6  7.67 

C. 72845 

_ 68.  1 

0.7328 

66.18  C.79126  60. b  0.7960 
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TaBLE  F  -  4  .  I  CUNT.  ) 


i  u.  i  »  V/  u  i  n  i 

TEMPERATURE  =  100.00 

U  L  G  .  L  • 

PRESSURE 

VOLUME 

CuMPRE- 

VOLUME 

CGMPRE- 

( PS IAJ 

(ML  ./G  .- 

SS iui L  i  TY 

IML./G.- 

SSI8IL  ITY 

MOLE  ) 

FACTOR 

MOLE  ) 

FACTOR 

MULTIPLICATION  FACTOR 

SAMPLE  HEIGHT  =  0.C2761 

G.-MGLE 

1. 

006 

S3. 86 

465  5. 1 1 

C. 97096 

4683.0 

9768 

118.23 

3674.81 

0. 96550 

3696.9 

0.9713 

118.22 

3675.25 

C.5o553 

3697.3 

0.9713 

1 6  7 . 4  4 

2562.82 

0. 55360 

2578.2 

0.9593 

217.06 

1951.41 

0.94128 

1963. 1 

0.94-69 

266.84 

1567.1 7 

0.92930 

1576.6 

0.9349 

316.69 

1302.84 

0.91685 

1310.7 

C.9224 

366.60 

1110.13 

0. 90439 

1116.8 

0.9098 

416.53 

963.37 

0.891 72 

969.  1 

0. 8971 

466 . 46 

64  7.83 

0.87885 

852.9 

..8841 

516.43 

754.31 

0.86567 

758.8 

0.8709 

616.40 

612.91 

0. 83956 

6  16  •  6 

0. 8446 

SAMPLE  HEIGHT  =  C. 16482 

G.  -RULE 

519.17 

75C.  10 

0.86541 

754.6 

0.8706 

568.87 

674.00 

0.85205 

6  78*0 

0.8572 

61o.6l 

609.91 

C. 83844 

613.6 

0.8435 

718.25 

507.94 

0.81073 

511.0 

0.8156 

617.97 

430.37 

C. 78225 

433.0 

0.7870 

517.76 

369.31 

C. 7532C 

371.5 

0.7577 

917.77 

369.25 

0.75317 

371.5 

0.7577 

1017.60 

319.94 

C. 72350 

321. 9 

0.7278 

1217.36 

245. 33 

0 • 6636  8 

246.8 

0.6677 

1417.27 

192.53 

0.6063  7 

193.7 

0.6100 

1617.23 

155.57 

C.  5  591  1 

156.5 

0.5625 

1817.30 

131.02 

C. 52912 

131.8 

0.5323 

201  7. 4^ 

115.17 

C. 61633 

115.9 

0.5194 

2517. 72 

95.19 

0. 53256 

95.8 

0.5358 

3018.15 

65.89 

0.57607 

86.4 

0.5795 

3  o  1  6 . 4  6 

80.36 

C. 62832 

80.8 

0. o32 1 

4018.93 

76.54 

0.63356 

7  7.0 

0.6877 

4519.36 

73 . 7 C 

C. 74019 

74.  1 

0.7446 

5019. 88 

71.49 

0. 79753 

71.9 

0.8023 
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TABLE  F - 4.  (CUNT . j 


1  “  U  L  «  -J  •  \  ^  )  V  I  * 

TEMPERATURE  =  123.00 

D  L  U  •  C  . 

PRESSURE 
(RSI  A) 

VOLUME 

(ML./G.- 

COMPRE¬ 
SS  [pIlIT/ 

volume  compre- 

(ML./G.-  SSIBILI TV 

MOLE  ) 

FACTOR 

MOLE)  FACTOR 

MULTIPL  ICATJLON  FACTOR 

SAMPLE  w 

EIGHT  =  0.02761 

G.-MOLE 

1  .006 

11.8,2  3 _ 3944.17 _ C. 97121 _ 39o7.8 _ 0,9770 


167.48 

2756.51 

0.96220 

2775. 1 

0. 9680 

217.08 

2107.33 

0.95275 

2120.0 

0.9585 

266.64 

169  7.2  3 

0.94323 

1707. 4 

0. 9489 

316.68 

1415.77 

0. 93377 

1424. 3 

0.9394 

366.38 

1210.30 

C. 92404 

121 7.6 

0.9296 

416.31 

1 0  5  h . 24 

C.  91^+52 

1060. 6 

G. 9200 

466 . 43 

931.46 

C. 90489 

937.0 

0.9103 

516.41 

332.33 

C. 89519 

837. 3 

0.9006 

616.37 

681.91 

0. 87638 

080  •  0 

C • 8  8  06 

716.39 

573.62 

0.85585 

577.  1 

0.8610 

SAMPLE  WEIGHT  =  0.16462  G.-MOlE 

569.31 

744. 71 

0.38300 

749.  2 

0.8883 

619.04 

676.93 

0. 872  76 

681.0 

0. 8780 

718.66 

5  o  9 . 43 

0. 85230 

572.8 

0.8574 

618.36 

4o  7 . 84 

0.83148 

490.  8 

0.8365 

916.14 

424. OC 

G  .  8 1 0  7  8 

42o .  5 

0.8156 

1C17.98 

372. 64 

C. 79006 

374.9 

0.7948 

1017.98 

372.67 

C. 7901 1 

374.  9 

0.7949 

1217. 73 

295.34 

C. 74903 

297.  1 

0.7535 

1417.63 

2  40 . 44 

C. 70991 

241. 9 

0.7142 

1617.59 

200. 33 

C. 67490 

201. 5 

0.6789 

1617.63 

170.62 

0.64589 

171.6 

0.6498 

201  7. 63 

148.69 

C. 62483 

149.  6 

0.6266 

2517. 38 

116.23 

C. 60949 

116.9 

0.6131 

3013.21 

ICO.  13 

C .62945 

100.7 

0.6332 

3516.55 

90.99 

0 • 6oo82 

91.5 

0.6708 

4018.96 

65.10 

C. 71233 

85.6 

0 . 7166 

4519.39 

80.7c 

C. 76017 

81.2 

0.7647 

5019.87 

7  7 . 5o 

C. 81086 

78.0 

0.8157 
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TABLE  F-5« 


VOLUMETRIC 

BEHaVIOR  OF 

•  MULL  !  • 

ETHANE  -  HYDROGEN  SULFIUE 

SYSTEM 

MIXTURE  NO.  3 

MGLc  FRACTION  t  T  H  AN  E  = 

0.3995 

TEMPERATURE  =  50.00 

D  E  G  .  C  . 

FkLSSUR  t 

VOLUME 

CCMPRL- 

VOLUME 

COMPRE- 

( PS1 A) 

{ Ml  L  .  /  G  .  - 

SSIbILITY 

(ML./G.- 

SSIBILITY 

MOLE) 

FACTOR 

MOLE  i 

FACTOR 

MULTIPLICATION  FACTOR 

SAMPLE  WEIGHT  =  0.03072 

G.-MOLE 

0. 

995 

79.31 

4787.29 

C. 97429 

4  76  3.4 

0.9694 

118.13 

3164.59 

0.95928 

314LL.  8 

C. 9545 

118.13 

3164.11 

0.95914 

3148. 3 

0.9543 

167.45 

2186.50 

0 . 9  39  5  1 

2175.6 

0.9348 

c.  i  i  •  5 

1649.45 

0. 91881 

1641.2 

0.9142 

266.86 

1309.81 

0.89693 

1303.3 

0.8924 

316.72 

1076.07 

C. 87455 

1070.  / 

C . 87  02 

36o . 64 

904.54 

0.85101 

9  0  j  •  0 

0.8468 

A  16. 56 

773.^5 

€.82675 

769.6 

0.8226 

46c . 5 1 

669.17 

0.80107 

665.8 

0.7971 

5  i  6  •  A  7 

583.68 

0.77356 

580. 8 

0. 7697 

6 16 • A  A 

451.42 

0.71407 

449.  2 

0. 7105 

SAMPLE  ft t  l 

uilT  =  0.18918 

G  .  -MOLE 

A  19.32 

769.70 

C. 82820 

765.9 

0.8241 

468.87 

66o.B3 

0. 80230 

663.5 

0.7983 

518.51 

582.42 

C. 77493 

5  79.  5 

0. 7711 

5c  8 . 2  2 

511.41 

0.74568 

508.  9 

0.7420 

617.97 

450.24 

C. 71397 

448.0 

0.7104 

617.98 

450.16 

0.71386 

44  7.  9 

0.7103 

717.59 

347.41 

0.63972 

345.7 

0.6365 

817.23 

255.62 

C • 53oa  7 

254.5 

0.5338 

916.47 

61.94 

0.  19271 

81.5 

0.1917 

1016.50 

76.2  3 

0.  19884 

7  5.9 

0.1979 

1216.58 

71.46 

C. 22309 

71.  1 

0.2220 

1416.71 

68.72 

0.24984 

68.4 

0.2486  . 

1616.83 

66.86 

0.27  1 39 

66.5 

0.2760 

1817.00 

65.44 

C. 3C511 

65*  1 

0. 3036 

2C17.  14 

64.1  / 

0.33216 

63.9 

C. 3305 

2517.50 

61.88 

0.39969 

61.6 

0.3977 

3017.93 

60.11 

C • 4c5  5  4 

59.  8 

0.4632 

3518.32 

58.69 

0.52993 

58.4 

0.5273 

4018.79 

57.63 

0.59434 

57.  3 

0.5914 

4519.23 

56.58 

0*65615 

56.3 

0.6529 

50 19 . 7  A  55.73  0.  71792  55.5  0.7143 
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TABLE  F -5.  t CUNT .  ) 


TEMPERATURE  =  75.00 

UEG.C  . 

PRESSURE 

VOLUME 

CCMPRE- 

VOLUME 

COMPRE- 

l PSI A) 

{ ML./G.- 

SSIB1LITY 

IML./G.- 

SSI6ILI  IY 

MOLE  ) 

FACTOR 

MOLE  ) 

FACTOR 

MULTIPLICATION  FAGTOR 

SAMPLE  wtIGHT  =  0.03072 

G.-MGLE 

0. 

995 

S3. 92 

4  3  o  3 . 82 

0  •  9  7  6  6  3 

4344.0 

0.9717 

118.23 

3439.81 

C. So882 

3422.6 

0.9640 

118.25 

3439.9  7 

C  •  96 8  8  7 

3422. 8 

0.9640 

167.50 

2369.21 

0.95318 

2377.3 

C. 9484 

217.10 

1813.36 

0.93767 

1804. 3 

0.9330 

266.86 

1449.30 

G. 92119 

1442. 1 

0.9166 

316.70 

1199.19 

0.90457 

1193.2 

C.90G1 

366. 5S 

1016, 5  3 

C. 88758 

1011.4 

0.8831 

A  16. 52 

677.13 

C. 67018 

872.  7 

0.8658 

466 . 4o 

766. 74 

0. 85i66 

762. 9 

0.8476 

516.42 

677.51 

0.83334 

674.  1 

0. 6292 

616.38 

541.10 

0. 79440 

538.4 

0. 7904 

SAMPLE  HEIGHT  =  0. 18918 

G. -MULE 

469.42 

762.31 

0. 85232 

758.5 

0.8461 

519.03 

674.30 

C. 83362 

670.9 

0.6295 

568 . 7  5 

601.19 

C. 8 1440 

598.2 

0.8103 

618.50 

539.35 

0.79453 

5  56  •  6 

0.7906 

718.08 

439.94 

0. 75244 

437.  7 

0.7467 

718.08 

459.91 

C. 75240 

437.7 

0.7486 

817.79 

362.75 

0 • 70656 

360.9 

0.7030 

917.57 

300.12 

0. 65590 

29  8  •  6 

0.6526 

1017.38 

247.13 

C.  5988  7 

245.  9 

0.5959 

1216.97 

157.69 

C. 45709 

156.9 

0.4548 

1416.67 

103.44 

0. 34908 

102.9 

0.3473 

1616.93 

87.29 

0  •  3  3  6 1  c 

86.9 

0.3345 

1817.08 

6  0.47 

0. 34826 

80.  1 

0.3465 

2017.1c 

76.33 

0.36674 

76.0 

0.3649 

2517.52 

70.48 

C. 42259 

70.  1 

0.4205 

3017.94 

66.63 

0.46037 

66.  5 

0 . 47  bO 

3518.50 

64.42 

0. 53987 

64.  1 

0.5372 

4018.97 

o2.55 

0.59679 

62.2 

0.5958 

4519.41 

61.02 

0.65690 

60.  7 

0.6536 

5019.92 

59.79 

0.71491 

59.  5 

0.7113 
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TABLE  F-5  .  (CUNT.  ) 


•  “  w/  L.  1  V  •  \  w  w  • 

TEMPERATURE  =  100.00 

L>  L  b  •  L  • 

PRESSURE 

VOLUME 

CCMPRE- 

VOLUME 

COMPKE- 

{  P  S  I  A  ) 

( ML  ./G .- 

SS IBI L  IT Y 

(ML./G 

SSIBILITY 

MOLE  ) 

F ACTUR 

MOLE  ) 

FACTOR 

MULTIPL 1C  AT  I  ON  FACTOR 

SAMPLE  WEIGHT  =  0.03072 

G.-MOLE 

0. 

995 

94 . 19 

4691.58 

0.9820  1 

4668. 1 

C. 9771 

118.52 

3705.68 

0.97600 

3687. 1 

0.9711 

118.52 

3706.07 

0.97610 

368  7. 5 

0.9712 

_ Ul*13 . 

2586.85 

C. 96421 

2573.9 

0.9594 

217.31 

1971.50 

0.95207 

1961.6 

0.9473 

267.06 

1583.50 

0.93975 

1575.6 

0.9351 

316. 89 

1316.38 

C. 92701 

1309.8 

0 . 922 A 

366.78 

1121.58 

0.91417 

1116.0 

0.9096 

416.70 

973 .10 

0.90109 

968.2 

0.8966 

466.63 

656.19 

0.86785 

851.9 

0.8334 

516.59 

762.04 

0.8  7432 

758.2 

0.8705 

616.55 

617.96 

0. 84668 

614.9 

0.8424 

SAMPLE  WEIGHT  =  0.18518 

G.-MOLE 

515.27 

756.67 

0.87315 

752.9 

0.8688 

568.95 

679.66 

C. 85932 

6  76.3 

0.8550 

618.68 

614.64 

0.84504 

611.6 

0.8408 

718.30 

511.10 

0.81585 

508.5 

0.8118 

818.01 

432.12 

C. 78551 

430.0 

0.7816 

818. CO 

432.12 

0.78545 

430.0 

0.7816 

917.78 

369.71 

0.75403 

367.9 

0.7503 

1017.60 

318.98 

0. 72132 

317.4 

0.7177 

1217.34 

241.29 

0.65274 

240.  1 

0.6495 

141 7.23 

164.74 

0. 58184 

183.  8 

C.5789 

1617.18 

144.06 

0.51771 

143.3 

0.5151 

1817.31 

117.77 

0.4  7563 

117.2 

0.4733 

2C17.37 

102.32 

0.45865 

101. 8 

0.4564 

2517.66 

8  4.67 

0.47373 

84.2 

0.4714 

3018.07 

76.8  7 

0 . 51555 

76.  5 

0.5130 

3518.4c 

72.20 

0. 56453 

71.8 

0.5617 

4018.92 

69.05 

C. 61673 

68.  7 

0.6136 

4515.35 

66.59 

0. 66883 

66.3 

0.6655 

5C15.85 

64  •  7  5 

0. 72225 

64  •  4 

0.7186 
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TABLE  F-5.  (CuNT  .  ) 


TEMPERATURE  =  125.00 

UEG. U . 

PRESSURE 

VOLUME 

CCMPRE- 

VOLUME 

COMPkE- 

(PS1 A) 

(  M  L  .  /  G  .  - 

SSIBILiTY 

(ML./G.- 

SSIBILITY 

MOLE  ) 

F ACTOR 

MULE  ) 

FACTOR 

MULTIPLICATION  FACTOR 

SAMPLE  WEIGHT  =  C. 03072 

u.-MOLE 

0. 

995 

118.68 

3972. 79 

0.98198 

3952.9 

0.9771 

167.84 

2781.43 

0.97228 

2  76  7.  5 

0.9674 

167.84 

2781. 72 

C. 97238 

2767. 8 

0.9675 

217.39 

2126.56 

C. 9o282 

2115.9 

C . 95  80 

267.12 

1713.35 

0.95319 

1704. 8 

0.9484 

316.94 

1428.93 

0.94322 

1421.8 

0.9385 

366 . 82 

122  1. 49 

C. 93319 

1215.4 

0.9285 

416.73 

1063.63 

C. 92315 

1053. 3 

0.9185 

466.67 

939.38 

C. 91301 

934.7 

0.9084 

516.62 

839.23 

C. 90299 

8  3  ) .  0 

0.8985 

616.58 

o  8  7 .08 

0.88231 

68  3  •  6 

0.8779 

716.61 

576.72 

0.86074 

573.8 

0.8564 

SAMPLE  WEIGHT  =  0.18918 

G.  -MOLE 

569.24 

751.22 

0. 89062 

74  7.  5 

0 • 6862 

618.96 

682.65 

C . 88002 

679.2 

0. 8  75o 

718.56 

573.51 

0.85829 

5  70.6 

0.8540 

818.25 

490.75 

0 . 83633 

488.  3 

0.8321 

918.02 

425.79 

0. 8141C 

423.  7 

0.8100 

918.02 

425.76 

€.81408 

423.7 

0.8100 

1C  17 . 82 

373.26 

0.79125 

371.4 

0. 7873 

1217.50 

294.08 

0. 74568 

292.6 

0.7420 

1417.38 

237.17 

0. 7 CO 10 

236.0 

0.6966 

1617.33 

195.01 

0.65688 

194.0 

0.6536 

1817.36 

163.50 

0. 61884 

162.7 

0  •  o  1  5  7 

201 7.39 

140.05 

0. 58844 

139.  4 

0.5855 

2517.61 

106.47 

0.55323 

10  5. 9 

0.5554 

3017.97 

91.03 

C. 57220 

90.6 

0.5693 

3518.30 

82.63 

C.  60  54  7 

82.  2 

0.6024 

4018.72 

7  7.26 

0.64668 

76.9 

0.6434 

4515.14 

73.45 

0.69127 

73.  1 

C.6876 

5019.64 

70.66 

0. 73865 

70.3 

0.7350 
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FABLE  F -6 . 


VOLUMETRIC 

BEHAVIOR  OF 

1  ^  UJ^L l_ U 

ETHANE  -  HYDROGEN  SULFIDE 

SYSTEM 

MIXTURE  NO.  A 

NGLc  FRACTION  ETHANE  = 

G  .  2  1 A  2 

TEMPERATURE  =  50.00 

□  EG  .C  . 

PRESSURE 

VOLUME 

CGMPRE- 

VOLUME 

COMPRE- 

(PSI A) 

(ML./G.- 

SSIB1 Li TY 

( ML./G.- 

SSI BI LITY 

MULL  i 

FACTQk 

MOLE  ) 

FACTOR 

MULTIPLICATION  factor 

SAMPLE  to  c  .1  Gi  IT  =  0.02192 

G.-MOLE 

0. 

993 

55.28 

693o.95 

C. 98402 

6838 • A 

0.9771 

od.  55 

5562 . 50 

C. 97847 

5523. 6 

0.9716 

87.89 

A3 03 • 52 

C.9705E 

4273. A 

C.9638 

8  7.89 

A 30 3. 75 

C. 97063 

4273.  6 

C. 9638 

117.31 

3187.09 

C. 95939 

3164.8 

0.9527 

166 .81 

2193. 7 A 

0.93902 

2 178. A 

0.932A 

216.54 

1651.96 

0.91792 

1640. A 

0.9115 

2  C6  .  3  8 

1310.56 

C . 89583 

1301.4 

0.8896 

316.28 

1075.15 

0.  87258 

1  Oo  7 • 6 

0 . 8  o65 

A  1 6 . 1  7 

769. 7 C 

0.8219  i 

764.  3 

0. 61c2 

516.12 

577.12 

0  •  7  6  A  3  A 

5  7  3.  1 

0.7590 

6 16. 10 

t»39.d5 

C. 69537 

4  36. 8 

0.6905 

SAMPLE  WEIGHT  =  0. 14131 

G.-MOLE 

319.44 

1067 . 76 

C.  8  7524 

1060. 3 

0.8691 

368.89 

898 .33 

C. 85036 

892.0 

0. 8AAA 

A  1  6  .  A  A 

767.37 

0.82395 

762.0 

0.8182 

Ac  8 .  10 

66  2 .63 

C. 79593 

658.0 

C. 7904 

517.83 

576. 1  A 

0. 76o56 

572.1 

0.7602 

567.62 

502.85 

0. 732A3 

499.  3 

0.7273 

567.65 

502.82 

0. 73242 

499.  3 

0.7273 

6  1  7  .  A  8 

A38. 86 

0.6953  7 

435.0 

0.6905 

716. 73 

183.59 

0. 337o5 

182.3 

0. 3353 

816.3a 

bl  .30 

0.  12  8 A  1 

60.9 

0.1275 

916. A5 

cO.37 

0. 14196 

59.  9 

0. 1410 

1016.  A  9 

5  9 . 6  A 

0.  15558 

59.2 

0.1 545 

1216. 58 

58.52 

0. 18269 

58.  1 

0.1814 

1 A  1 6 . 71 

5  7.59 

0.20937 

57.  2 

0.2079 

1616.88 

56.82 

0.23575 

56.4 

0.2341 

1817.06 

56.12 

0  •  2  6 1 6  4 

55.7 

0.2598 

2017.19 

55.29 

0.2862C 

54.9 

0.2842 

2517.5c 

5A  .13 

0. 34974 

53.8 

0.3473 

3C17.98 

53. 1C 

C. 41125 

52.  7 

0.4084 

3518.37 

52.03 

C .46978 

51.7 

0.4665 

AC18.8A 

51.34 

0. 52945 

5  1.0 

0.5257 

A  5  1 9 . 2  8 

50.63 

C. 58716 

50.3 

0.5830 

5  C  1 9 . 7  8 

A9.82 

0. 04178 

49.  5 

0.6373 

-  1  .1  :  .  I 


‘  j  •  <  -  5 .  a  •  i  ,  u  ;  .  i  . ,  j  j  v 

o  .  LH  3*>U  I  a  i  A 

-•  •  -  '  •  I  II  ).  1 

.  j.  j  i  v  oo .  o  -  !  ii j  r u  i f  j  r 


11  j  1.  Mi 

-  .1m. 


.  Lj  V 
- .  \.  ) 
l 


.  ; 

rl I J I  let 


.1  V  / 

-  .  O  \  .  J  it 

t 


J  OU0  <2  3  H  H 

t  .  I  c  i  ) 


i  ta  ji  t]  iu 

■  <?.o 


-  .  i  .  ...  .  0,  M 


Y  l  . 

k  .  ..  r.  ■ 

0  tat-.O 

. 

,.02 

. 

.  ->  < 

\  Y  ‘  . 

• 

,,-cO.oa. 

. 

o .  ht» 

\  t  . 

C  .  C 

.  > 

. 

.  y  s 

\>  .0 

Y .  i  '  0 

.  Y 

. 

.  ♦  i  - 

O'.  . 

-  .Y  It  , 

it  .\  i  I 

-  .  c  \  i 

1  - 1 . 

. 

.  .jj! 

. 

.  .  t‘<  I 

:  \le. 

.  .  .  I  ■<  I 

>‘0  .£3.  :> 

. 

i  at  i 

■  <■  . 

o  '  .  .  ; 

-  .  -J  * 

. 

.y  i 

3  0  0  . 

c , .  e  \ :  i 

.  1  c 

. 

.*  )\ 

Y  i  . 

)\  .V-oS 

Y  i  .  i  o 

. 

.  \  < 

i  . 

o  i  .  Y  y  < 

*  i  .  d  l  c 

0  J  . 

.  C  '• 

V 

C,  .V  t  ♦ 

1 .61  > 

-  - 


- :  c  y 


.  i-  .  -  l.  wl  -  i  r<-  „ 

Y  .  Y  o ')  1 


*  t-  . 

. 

. 

t  ,  r,  o 

-  . 

.  . 

. 

Y  .Y  Y 

. 

. 

o  \  . 

.  <  •  &  ) 

. 

.  i 

c  Y  , 

f  i  .  \  c 

\ 

t  .K 

<  k  Y  . 

...  >c 

.* 

•.  .  .  .  .< 

» 

.  . 

Y 

. 

. 

.  1 

<  Y 

OC  .1  til 

. 

.  1 

.  . 

.  - 

. 

. 

-  i  . 

. 

. 

. 

J  . 

0*.  .  iJ  c 

. 

i  . 

j  o  1  . 

Si  .60 

. 

li  .Y  <• 

1  . 

v  <  .  \  6 

. 

.  t  i: 

, 

. 

. 

Y  . 

i 

Si  .6C 

\t  . 

-  . 

. 

.  1 

.  ♦  . 

. 

■  Y  v  >  . 

r-  .  . 

\  .  0 

.  .lit  . 

i  .id 

o  . 

V.  J 

<  Y  ■ 

6  0.  SO 

•.  1  . 

» -  ..0  . 

. 

i  i  Y  be*  . 

£t ;  •  0 

.  • 

;  V  J  » 

0  r 

n 

.  i 

Yt 


.*>16 
.0  It 

.ait* 

.  >0 


.  \  5Cf 

K 

.JO 

.  . 

♦ 

. 

.6ISI 

. 

.  0  i  .5  1 
.Viol 
.  Y  ; 

. 

.  v ; 

. 

.0  1  >. 

.  0  .  c  » 

.  -  1  c 


F-23 

T  A  b  L  E  F  -  6 .  (  CU  N  ]  •  ) 


T  EM  PE  PA  TURE  =  7  5.00  UEG.C. 


PKESSUR t 

VOLUME 

CGMPRE- 

VOLUME 

COPIPkE- 

( PS  I A ) 

( ML ./G  .- 

SS 181 L I TY 

(PIL./G.- 

SSIBIlITY 

PULE  J 

F  AC  TO  8 

PIGLE  ) 

FACTOR 

MULTIPLICATION  FACTOR 

SAMPLE  WEI 

GHT  =  1.02192 

G. -POLE 

0. 

993 

6  b  •  8  3 

5959. 30 

0 . 9  b  3  5  2 

5957.3 

C.9766 

IC7.68 

3790.59 

0.97219 

37b4.1 

0.9654 

107. 6b 

3789.59 

0.97193 

3763.1 

0.9651 

117.50 

3  4  61  .5c 

C. 96876 

3437.3 

C .  9620 

166.98 

2397. 58 

0.95355 

2380.8 

0. 94b9 

216.70 

1617.84 

0.93826 

1805.1 

0.9317 

266. 53 

1451.03 

0.92114 

1440.9 

C • 9147 

316.43 

1199.37 

C. 90394 

1191.0 

0. 8976 

366.36 

1015.19 

0.88586 

1008.1 

0. 8797 

416.31 

874.86 

C. 66749 

6o 8 .  7 

0.6614 

516.26 

674.16 

C. 82b97 

669.4 

0.3232 

6 16 . 25 

535.74 

0.78636 

532.0 

C . 78  09 

SAMPLE  WEIGHT  =  0. 14131 

G.-PULE 

369.31 

1008.25 

0.88o8  9 

1001.2 

0.8807 

418.81 

872.46 

0.87030 

86b «  4 

0. 8642 

468.4b 

762.71 

0. 85103 

757. 4 

0 . 845  1 

518.19 

673.16 

0.83084 

668.5 

0.8250 

568.03 

598.64 

0.80993 

594.5 

0.6043 

617.84 

535.64 

0.78824 

531.9 

0.7827 

617.84 

535. bl 

C. 78820 

531.9 

0. 7827 

717.67 

433 • b 0 

C. 74118 

430.6 

0. 7360 

817.37 

353.15 

0.68751 

350.7 

0.6827 

917.20 

285.72 

0.52417 

283.  7 

0.6198 

1017.05 

223.47 

0.54132 

221. 9 

0.5375 

1116.79 

134.49 

€.35775 

133.5 

0. 3552 

1216. 70 

8  0.97 

0.23455 

80.4 

0.2330 

141b. 80 

71.34 

C. 24073 

70.8 

0.2590 

1616.92 

b  7.62 

0. 2oQ45 

67.  1 

0.2586 

1817.08 

65.29 

0.28258 

64.6 

0.2806 

2C1  7.21 

63. 51 

0. 30513 

63.1 

0.3030  . 

2517.56 

60.47 

C. 36260 

60.0 

0.3601 

2017.98 

58.50 

C. 42053 

58.1 

0.4176 

3518.3? 

56.94 

0.47720 

56.5 

0.4739 

4C lb  .83 

55  .b9 

0.53308 

55.3 

0.5294 

4519.25 

54.51 

0. 5868C 

54. 1 

0. 5627 

5C 1 9 . 7b 

53.o4 

C. 64129 

53.  3 

0.6366 
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TABLE 

F-6.  (CONT. 

) 

TEMPERATURE  =  1C0.0C 

0  E  G  .  C  . 

PRESSURE 

VOLUME 

CCMPRE- 

VOLUME 

CGMPRt- 

( PSI A) 

(  N  L  .  /  G  .  - 

SSldlLlTY 

(ML ,/G.- 

SSIBILITY 

MULE) 

FACTOR 

mule  ) 

FACTOR 

MULTIPLICATION  FACTOR 

SAMPLE  WEIGHT  =  0.02192 

G • - MuL  t 

0. 

993 

69.02 

6447. 72 

58894 

6402.6 

0.9820 

117.61 

3739.45 

€.97733 

3713.3 

0.9705 

117.61 

3739.08 

C. 97723 

3712.9 

0.9704 

167.54 

2600.28 

0.96523 

2582.1 

0.9585 

216.74 

1979.07 

0. 9532  1 

1965.2 

0.9465 

266.56 

1587.58 

C. 94042 

1576.5 

0.9338 

216.46 

1319. 4C 

0.92784 

1310.2 

0.921 3 

416.21 

974.08 

0.90117 

96  7.3 

0. 8949 

616.25 

760.84 

0 • 87286 

755.5 

0.8667 

616.23 

6  1  6 . 5  8 

C. 84436 

612*3 

0. 8384 

716.26 

510.92 

0.81323 

507.3 

0.8075 

S AM Pi  F  WEIGHT  =  Q.  1 4131 

G . -MOL E 

419.02 

568.26 

0.90161 

961 . 5 

0.8953 

466.64 

852.07 

0.88737 

84b.  1 

0. 8812 

518.34 

757.74 

C. 87282 

752.4 

0.8667 

5  6  8.  10 

679.51 

C. 85785 

6  74.8 

0.8518 

617.90 

613.51 

C. 84242 

b  0  9  •  2 

0.8365 

717.63 

5C8.39 

0.81075 

504.8 

0.8051 

717.63 

508.38 

C. 81074 

504.  8 

0.8051 

817.41 

42  7.90 

C. 77727 

424.9 

0.7718 

917.26 

363.93 

0.74183 

361.4 

0.7366 

1017. 12 

311.23 

C.  7034  7 

309. 1 

0.6985 

1116.97 

266.97 

0 . 66266 

265.1 

0.6580 

1216.90 

228.56 

C. 61809 

227.0 

C . 61 38 

1316. 79 

194.53 

0. 56924 

193.  2 

0.5653 

1416. 7  4 

163.81 

0.51574 

162.  7 

0.5121 

1516.71 

137.13 

0.46217 

136.2 

0.4589 

1616.70 

115.78 

0.41597 

115.0 

0.4131 

1716.74 

101.25 

C. 38628 

100.5 

0.3836 

1816. 78 

92.05 

0.37165 

91 . 4 

0.3690  . 

2C 16. 86 

81.84 

0.36680 

81.3 

0.3642 

2517.14 

71.19 

0. 39822 

70.7 

0.3954 

3017.50 

66.30 

C. 44456 

65. 8 

0 • 44 1 5 

3517.83 

63.21 

0.49417 

62.8 

C.4907 

4018.25 

61.04 

C . 54505 

6  0.6 

0.5412 

4518.63 

59.29 

G . 59b3  1 

58.9 

0.5911 

5C19.09 

5  /.  84 

0.64512 

57.4 

0 . 6406 
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TABLE 

F  -  6  .  (CUi\T. 

) 

TEMPERATURE  =  125.00 

L)E G .  C  • 

F R  E S  SUR  b 

VGLUME 

CGMPRE- 

VOLUME 

COMPRE- 

( PSI A) 

(Ml . / G  .  - 

GSIBILITY 

(ML./G.- 

SSIBIL  I  TY 

MULE) 

FACTOR 

MOLE  ) 

FACTOR 

MULTIPLICATION  FACTOR 

SAMPLE  WEIGHT  =  0.C2192 

b • ~  MG L  E 

0. 

993 

69.25 

6874.02 

C. 99142 

6825. 9 

0.9845 

117.78 

4 0  C  6 • 6  6 

C. 98284 

3978.6 

0.9760 

117.78 

4007.30 

C. 98300 

3979.2 

0.9761 

167.18 

2795.87 

0.97349 

2776. 3 

C.9667 

216.88 

2133. 78 

0.96382 

2118.8 

0.95  71 

266.69 

1717.56 

C. 95399 

1705.5 

0.9473 

316.56 

1431.60 

C. 94385 

1421.6 

0.9372 

A lo  .  43 

1064 . 8  7 

0. 92356 

1057.4 

0.9171 

516.35 

839.26 

C. 90255 

833.4 

0.8962 

616.33 

6  8o • 2  4 

0.88089 

681.4 

0.8747 

71c. 36 

573.39 

C . 85846 

571.4 

0.8524 

816. 38 

491.85 

C  •  8  3  6  2  8 

488.4 

0.8304 

SAI*  PLE  WEIGHT  =  0.  14131 

G.-MuLE 

468.97 

934.95 

0.91319 

928.4 

0. 9068 

518.66 

835.00 

C .90198 

829.  2 

0.8957 

568. 42 

752.31 

C. 89062 

747.0 

0.8844 

618.22 

682.88 

0.8  792  6 

678.  1 

0.8731 

717.94 

572.27 

0.85567 

568.3 

0.8497 

817.73 

^8  3 . 4 6 

C. 83189 

485.0 

0.8261 

817. 73 

488.46 

0.83189 

485.0 

0.8261 

917.62 

422.32 

C. 8C71C 

419.  4 

6.8014 

1017.50 

3o8. 80 

0. 78153 

366.2 

0. 7761 

1117.37 

324.54 

C. 75525 

322.3 

C. 7500 

1217.30 

287.24 

0.  (Z6Z 5 

285.2 

0.7232 

1317.26 

255.46 

0. 70084 

253.  7 

0.6959 

1417.24 

2  2  7.  77 

0. 6723C 

22o .  2 

0.6676 

1517.22 

2C3.90 

C • o443  3 

202. 5 

0.6398 

1617.22 

182.80 

0 . 6 1  5  7  C 

181.5 

0.6114 

1717.26 

164.35 

C. 58778 

163.  2 

0.5837 

1817.28 

148.41 

C. 56172 

14  7.4 

C. 5578 

1917.30 

134.73 

0.53799 

133.8 

0.5342 

2017.31 

123.34 

C. 51822 

122.5 

0.5146 

2217.39 

106.28 

C. 49079 

105. 5 

0.4874 

2417.51 

95.24 

C.4795C 

94.6 

0.4761 

2617.63 

8  7.91 

C. 47927 

87.3 

0.4759 

3C17.96 

78.79 

0.49523 

78.2 

0.4918 

3518.34 

72.64 

0. 53227 

72.1 

0.5285 

4018.80 

68.33 

C. 57196 

67.9 

0.5680 

4519.25 

6  5.40 

C . 6 1 56  C 

6  4.9 

0.6113 

5C19.75 

6  3.36 

0.66246 

62.9 

0.6578 

•  - 


l  .  I  J  ) 


•  •  i  _>  uJI  I 


r  l  I  jj*  Uc; 
uK  *  ' 


-  •  \  .  - 

(  iJ  M 


j 

>  I  i  _j  i  Id. 


■w  i  J  .  U  .  .  1  i  iv 

*  *  .  : 


J  JUV 
- .  j  / 

( 


Odd  J  H 

l  •  •  o  ) 


1  0  i  .  -  it  1  j  u  _j  J  i  |  Ad 


O*  . 

. 

\  K  v  . 

.  *  V 

. 

V  i  . 

.  0  \  t 

<  . 

OC  .  i  )  Jh' 

o  V  .V  11 

I  dV  V  . 

.  , 

C '  ■  . 

,r:>  a 

\  .  \  :  . 

\  . 

£  .  n 

■'M  . 

\  .  V  , 

i  .  t  l 

*  -  *  . 

.  it 

. 

0  \  .  <  t.  i  S 

\  v  . 

. 

■  '  ’  ■  . 

.MV1 

. 

. 

.  i  ,*•! 

coti  v>  . 

.  J  vi 

c  .0  It 

i  \  J  . 

i 

<U  . 

V  U  .  ♦  i 

. 

C  C  vJ  . 

J  .  «  c  d 

.  -  Ici 

.  .  i 

. 

tx  S  .  $.  .  0 

Lt .61  ( 

:  . 

r*  .  i  T  C 

d  i-  C  t  . 

t  £ .  c  \  e 

j  ci  •  o  1  \ 

. 

r  . 

. 

.1  .  i  <  ♦' 

•  X  b 

J 

i  i  f  i »  -  i ♦  ^ 

ijs-ua 

*  . 

.  *  i  ■  . 

?i  .  t  ? 

V  k'  .  j  < 

» 

>  .  .« 

.  ’J 

.  c  .1 

o  •  >  i  ^ 

, 

.\  ^V 

V 

.  \  . 

.  .  \  .  1 

li'  \  . 

.Sid 

SS  .old 

. 

V 

V  .  \<t 

tt.iii 

1 

. 

<-  ito. 

0  1-  .  1  .  • 

i.  V  .  M 

i  - 

.  £ 

■  f  .  .  *- 

V  .  u . 

•  1 

.  1  ♦ 

i\  >. 

St.SSf 

>d.  .  I 

i  \  \  . 

• 

c  161  . 

d.odl 

:>c.v  lOi 

c  V  . 

c  . 

c  Sc  . 

*<  .  t 

\  .  V  i  I  1 

. 

. 

i  s  s  v  . 

.  V  ;  . 

Vc< 

V  . 

* ,  \ . 

df  .cclY 

S  .  V  i  v 

'Vi-. 

.  S 

'  t:  i  V  . 

V  \  .\ 

. 

. 

. 

1 1  *  •  . 

■■  .  s 

.  V  *  J 1 

»•  lie. 

t.ibl 

V  i  .  . 

.  -  i 

»S.Vi  3x 

»  <  e  . 

.  1 

'  r»  :  . 

. 

s.U\| 

. 

r*  .  i  ♦  i 

\  ]  c  . 

1  *■  .  1 

.  ilil 

. 

. .  LI 

Uc. 

£Y 

C£. V  IPX 

1 

.  i,  i 

s  a  ie. 

• 

y  t .  v  i  :v  s 

. 

.<  ,  j 

e\  .  * 

.  u  . 

.V i NS 

. 

.  «  r 

\  t  . 

^  S  .  c  t' 

I  .  V  1  t» : 

> 

.  V  ■ 

Vi  \  f  . 

i  .v 

.  i  1 

1  •  •  . 

.  .  Y 

.  * . 

. 

. 

. 

i  .  V 

V  SStc  . 

*^o  » 

. 

.Yd 

■3  i  \  c  . 

. 

.  .  - 

. 

.  t  > 

>  )  i-  i  o  . 

i  t.<  d 

cs.?xe*> 

> 

. 

•  •-  '  •  • 

d  v  .id 

cv  .eioe 

F-26 


TABLE  F  -7  . 


1  “  '  L.  L—  1  *  • 

COMPRESSIBILITY  FACTORS 

FCR  MIXTURES  OF 

ETHANE  AND 

HYLROGEN  SULFIDE 

TEMPERATURE  =  50.00 

DEG.C  . 

PRt SSUKE 

MULE  FRACTION  ETHANE 

( PSIAJ 

0.7755 

0.6352 

0.3995 

0.2192 

ICC  .0 

0.9685 

0.9689 

0.9698 

0.9676 

1  50. C 

0.4549 

0.9537 

0.9540 

0.9519 

2QC.0 

0.9398 

0.93/9 

0.9384 

0.9369 

_  250.0 

0.9251 

C. 9219 

0.9222 

0.9204 

30C.0 

0.9094 

0.9056 

G . 9056 

0.9032 

3  5  C  .  0 

0 . 8938 

0. 8887 

0.8888 

0.8869 

400.0 

0.8761 

C.8715 

0.8/15 

0.8706 

450.0 

0.8594 

0.8556 

0.8547 

0.8523 

BCC.Q 

0. 84C8 

0.8384 

0.8367 

0.8325 

6  0  C  .  Q 

0.8043 

0.8008 

0 . 7  9a0 

0.7905 

70C.C 

0 . 764  4 

0. 7610 

0.7565 

0.7447 

8CC.C 

0.7220 

0.7188 

0.7115 

0.6925 

900. Q 

0.6782 

0.6737 

0  •  6  o  1  9 

0.6317 

1000.0 

0.6318 

0.6251 

0 . 6  0  o  3 

0.5565 

12CC.0 

0 . 5364 

0. 5202 

0.4667 

0.2327 

1400.0 

0.463C 

0 . 4  3  5o 

0 . 3  d3  6 

0.2408 

16CC.C 

0.4354 

0. 4C58 

G.3337 

0.2567 

1BOO.O 

0.4368 

0.4087 

0.3450 

0.2787 

200C.C 

0.4511 

0.4241 

0.3631 

0.3010 

2500. 0 

0.5C57 

0.478/ 

0.4185 

0.3581 

3000.0 

0.5883 

0.5408 

0.4758 

0.4155 

350C.0 

0.6345 

C . 603b 

0.5350 

0.4718 

4CCC  .  0 

0 • 6984 

0.6675 

0.5936 

0.5273 

4  500 . 0 

0. 7b37 

C. 7304 

0.6514 

0.5807 

\S 

o 

o 

o 

• 

o 

0.8240 

0.7935 

0.7090 

0 .6346 

- 


.  .  -  i  j  i.l  -  ( 


T  jAi  Y  i  I  il:  let  i  4  .  j 

=\a  2  i  I  'li  i }  \ 
in  J  i  re  VI  Li .  i  A 


....  ... 

JlrtAhTJ  n  1  F  JA  1  :)J,  A  -  jbJddiiXi 

.  4c!  Ld.  c  V  Y  (  A  \tU  ) 


V  • 

• 

v.  v. 

• 

.  l_ 

*.  1 

\  1 1  V  . 

t  c  .  >  • 

O.^ci 

r  a  k  . 

«rA,  . 

\  n . 

b  A  •-  . 

. 

r  .  . 

1  -  -A  . 

.  YC  , 

re:  ... 

odOV.C 

n  :<  . 

.  J  ’£ 

. 

. 

V  o  )i  . 

o  a  o  . 

.  YC 

\  . 

1  • 

£  •  »  -  • 

i  j\  >}  »C 

.  . 

4  1  . 

\  »>C  . 

n  c  c . 

.0 

j  .  a 

. 

♦‘be.  a  . 

A  1  r-  ti  . 

:  .  c 

\  . 

•  \  . 

. 

. 

.4  • 

. 

1  \  . 

+  .  A  .  l 

.  YOV 

. 

.  obiY. 

.  . 

.  0. 

. 

*  •  L 

Y  V  . 

nv  ).< 

.  i  . 

> 

. 

i  _  . 

C  i  C  . 

.  ■  I 

V  o  o  ♦> . 

.  .  . 

V  ■  c  . 

.  .  J  1  Is.  I 

. 

a  -.c  ■  . 

. 

.  *  i  H  . 

0.  pax 

. 

Y  t ,  . 

C  r:  . 

♦  -\  f  . 

.  DOdi 

■■  . 

\ 

A  0  H  . 

•  >  i 

. 

1  a  ,  i  . 

>  i  . 

„y.)  ,  ‘ 

. 

in. 

\  1  r  . 

\ 

,Y  C 

:  d  . 

oe^  a . 

H  . 

C  )  jc.' 

.  Oi 

1  . 

.  i 1 . 

. 

e.  H  j  . 

.  c'i 

» 

*  L  . 

<  \  a . 

♦  '■  v't  . 

. 

V 

Hie  . 

\  . 

1  \  . 

0 .  d 

'  . 

'  V  . 

<  V  . 

. 

d 

F-27 


LE  F  -7 .  (CUNT.  ) 


TEMPERATURE 

1  #  1  V/Ull  » 

=  75.00 

•  i 

DEG  .C  . 

PRESSURE 

MOLE  FRACTION  ETHANE 

(  P  S  1  A  ) 

0.7753 

0.6352 

0.3995 

0.2142 

IOC  .0 

0.9742 

0.9754 

0.9757 

0.9750 

I5G.0 

0. 96C6 

0.9636 

0.9636 

0.9625 

200.0 

0.9522 

0.9512 

0.9516 

0.9506 

250.0 

0.9404 

C.9390 

0.9393 

0.9380 

30C.0 

0.9299 

0.9266 

0.9266 

0.9255 

350.0 

0.9162 

G.9141 

0.9139 

0.9131 

400. 0 

0.9C48 

C.9013 

C . 9009 

0.9004 

430.0 

0 . 89C  7 

0.8884 

0.8878 

0.8865 

5CG.0 

0.8782 

0.8755 

0.8742 

0.8721 

6CC.0 

0.8513 

C. 8487 

0.8-462 

0.8421 

7CC.0 

0.8232 

0.8207 

0.8172 

0.8107 

8CC  .0 

0.7949 

0.7922 

0.7871 

0.7778 

9  0  C  .  0 

0 . 7660 

0. 7630 

0.7559 

0.7429 

1000.0 

0.7369 

0.7332 

0.7235 

0.7052 

12GC.0 

0.6788 

0.6728 

0.6555 

0.6215 

14CC.0 

0 .6260 

0.6147 

0.5849 

0.5211 

I6CC.0 

0.5818 

0 . 5660 

0 .3199 

0.4198 

1 8  0  C  .  0 

0.5559 

0.5342 

0.4759 

0.3707 

20  CO . 0 

0.5432 

C. 5200 

0.4571 

0.3637 

25CG.C 

0 .5591 

0. 5344 

0.4699 

0.3938 

3OCC.0 

0.6021 

0 . 5  7  7  o 

0.5112 

0.4397 

35CC.C 

0.6548 

C. 6801 

C.5599 

0.4889 

40CC.0 

0.7108 

C.6855 

0.6116 

0.5394 

45C0.0 

0.7678 

0.7424 

0.6635 

0.5893 

50C0.0 

0.8240 

0 » 800 0 

0.7165 

0.6367 
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TABLE  F-7.  (CUNT . ) 


TEMPERATURE 

19  »  LUiN  1  • 

=  IOC. 00 

DEU.C. 

PRESSURE 

MCLE  FRACTION  ETHANE 

(  P  S  i  A  i 

0. 7755 

0 . 6  35^i 

0 .3995 

0.2142 

i 0 C  .0 

0.9754 

0.9805 

0.9803 

0.9795 

1 50 . 0 

0.9706 

C.9712 

G. 5  710 

0.9699 

200.0 

0.9617 

0.9617 

0.9613 

0.9604 

250.0 

0.9538 

C.9521 

0.5518 

0.9506 

3C0.C 

0.9442 

C. 9425 

0.9419 

0.9406 

3  5C.0 

0.9343 

C.9329 

0.9319 

0.9305 

400.0 

0.9257 

0.9232 

0.9219 

0.9203 

450.0 

0.9156 

0.9135 

0.9119 

0.9106 

3CC.Q 

0.9043 

0. 9039 

0.9019 

0.9000 

o  c  c .  c 

0.8848 

0. 8819 

C.8796 

0.8772 

7CC.0 

0.8639 

0 . 6b 12 

0.8580 

0.8339 

800.0 

0 . 8439 

0.8403 

0.8361 

0.8303 

9CC.C 

0.8223 

0.8194 

0.8140 

0.8059 

1000.0 

0.8024 

0.7986 

0.7914 

0.7605 

12CC.0 

0.7621 

0.7571 

0.7^59 

0.7279 

1400. Q 

0.7257 

0. 7175 

0.7005 

0.6725 

160C.3 

0 .69Co 

0.6819 

0.6572 

0.6163 

1800. 0 

0 • 0666 

0.6521 

0 . 6  1  o  7 

0.5621 

2000. C 

0.645  5 

0.6302 

0.5878 

0.5177 

2500. 0 

0.6331 

0.6130 

0.5356 

0.4750 

300C  .0 

0.6553 

0.6321 

0.5683 

0.4907 

35QC.0 

0.6935 

0.6692 

0.6011 

0.5270 

4000. 0 

0. 74C0 

0.7148 

0.6418 

0 • 5b64 

4500. 0 

0.7882 

0. 7628 

0.6861 

0.6095 

5000*0 

. 0.84C3 

C.8137 

0.7331 

0 .6578 
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TABLE  F-7 .  (CQNT. ) 


TEMPERATURE 

=  125.00 

Q  E  G .  C  • 

PRESSURE 
(PS1  A) 

MCLE  FRACTION  ETHANE 
0.7755  0.6352  0.3995 

0.2142 

100.0 

0.9596 

0.9608 

0.9617 

0.9592 

15C.0 

0.9410 

0.9411 

0 . 9418 

0.9394 

200.0 

0.9229 

0.9208 

0.9214 

0.9186 

250. 0 

0.9010 

0.9001 

0.6999 

0.6966 

300. 0 

0 • 88  1 6 

0.6  781 

0.8777 

0  •  8  7  6  8 

3  5C.C 

0.8570 

0.8547 

0.8545 

0 .6542 

4  00.0 

0.8345 

C  •  8  3  3  o 

0.8326 

0.8281 

4  50.0 

0. 6088 

0.8084 

0.8084 

0.6007 

5C0.0 

0. 7829 

0. 7822 

0.7814 

0.7713 

6  00.0 

0.7272 

0.7255 

0.7220 

0.7050 

70C.0 

0.662  7 

0.6602 

0.6512 

0.4709 

800.0 

0 .5860 

0.5803 

0 . 5  o2  9 

0.1245 

900.0 

0 .4b4  7 

0.4621 

0.1 885 

0.1363 

10CC  .0 

0. 3600 

C. 3057 

0.1957 

0. 1503 

1200.0 

0.2973 

0.2656 

0.2197 

0.1792 

14CC.0 

0.3161 

0.2930 

0.2463 

0.2058 

1600. 0 

0.3428 

0.3204 

0.2737 

0.2319 

1800.0 

0.3717 

0.3490 

0.3012 

0.2576 

2000.0 

0.4004 

0.3776 

0. 3282 

0.2821 

2500. Q 

0.4  745 

C . 4  505 

0 .3954 

0.3451 

3000. 0 

0.5489 

0.5217 

0.4609 

0.4062 

3500. 0 

0.62C7 

0.5924 

0.5249 

0 • 4643 

4000.0 

0  .6930 

0.6626 

C  .5  890 

0.5235 

45CC  .  C 

0 . 7634 

0.7299 

0 • 6506 

0. 56C9 

5000.0  0.829b  0.7982  0.7119  0.6352 
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